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ABSTRACT
Structure and Interaction Energies of Kr Atoms Adsorbed on

Graphitic Amorphous Carbon

by

Sang-Joon Lee, Master of Science
Utah State University, 1995
Major Professor: Dr. John Robert Dennison
Department: Physics

The physisorption of Kr on graphiﬁc amorphous carbon (g-C) has been
investigated using a statistical approach. The interaction energy calculation process (i)
established a structural model of g-C and (ii) determined the adsorbate-adsorbate and the
adsorbate-substrate interaction potentialsv on g-C.

The structural model of g-C was divided into three regions. For the interaction
potential between a Kr atom and a carbon atom, the short and medium range order of g-
C was described with a discrete medium model based on three ring clusters using ring
statistics from Beeman's continuous random network C1120 model of g-C. For the
intermediate distance region, Beeman's radial distribution function was used to model g-
C. A homogeneous and isotropic continuous medium model was used at large
distances.

The Kr - Kr and Kr - g-C interaction potentials used for Kr on g-C, which are

pair-wise Lennard-Jones 6-12 potentials, are similar to Kr on graphite potentials. The
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validity of the model for g-C and the potentials were verified though calculations for Kr

on graphite. Results compared favorably with recent literature values.

The interaction energy calcﬁlation results for Kr on a g-C substrate assert that (i)
Kr adlayers will form on g-C, (ii) the structure of the Kr adlayer is governed by the
substrate corrugation at low coverage and by the Kr - Kr interaction at high coverage,
and (iii) there is no direct relation between the structure of Kr adlayers on g-C and those
on graphite. The average binding energy of Kr on g-C is comparable with that on
graphite, but the corrugation of g-C is perhaps six times that of a graphite substrate.
The wrinkling of the g-C surface, due to the presence of a distribution of 5-, 6-, and 7-
membered rings, is responsible for this large corrugation of the g-C substrate.

(166 pages)
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CHAPTER 1
INTRODUCTION

In our daily lives, we are always surrounded by surfaces. These surfaces can be
the surfaces of solid-state materials or those of liquid-state materials. Since most
physical or chemical processes, which cause changes in our environments and even in
ourselvés, take place at these surfaces, it is hard to understate the importance of surfaces
in our lives. |

Adsorption, which is defined as the accumulation of particles at a surface,! is
one of the most common processes at surfaces. Thus, we cannot truly understand the
characteristics of interactions on surfaces without understanding adsorption on them.
Sb it is natural that the study of adsorption has taken an important position in surface
physics. We cé.n divide adsorption into two types: physisorption and chemisorption. In
chemisorption, a chemical bond (significant sharing or exchange of electrons) is formed
between the adsorbed molecule and the substrate.2 However, in physisorption,
chemical bonds are not formed between the adsorbed molecule and the substrate.2
Since the energies involved in physisorption are. usually less than chemisorption
energies and since the electronic wave functions of the adsorbate and the subsfrate are
perturbed less in physisorption than in chemisorption,3 it is easier to inveé.tigate the
static and dynamic aspects of the physisorption. Therefore, the study of physisorption

has proven a good starting point toward the complete understanding of adsorption.

A. Adsorption of rare gases on graphite

Among the physisorption systems that have been investigated theoretically as
well as experimentally, rare gas atdms adsorbed on the basal plane of graphite have been
studied most actively. Because of the advantages discussed below, these systems have
played a central role in studying basic aspects of physisorption. The energetics of these

systems can be divided into adsorbate-adsorbate interactions and adsorbate-substrate
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interactions* and have been reviewed by Birgeneau,4 Gordon and Villain, and Steele,3
among others.

The interactions betweeﬁ rare gas atoms are simple and well known. First, the
interactions are spherically symmetric. Thus, we do not have to consider the orientation
of a rare gas atom. This makes conceptual and computational tasks easier. Second, the
interactions are well represented with a Lennard-Jones 6-12 potential form.6 With
appropriate coefficients, the interaction energies between rare gas atoms calculated with
a Lennard-Jones 6-12 potential are quite consistent with experimental data.6 Although
the Lennard-Jones 6-12 potential is a more complicated form than the inverse square law
(Coulomb) potential, the Lennard-Jones 6-12 potential is still easy to handle in
calculations and to interpret physically. Finally, it is a good approximation to treat the
interactions between rare gas atoms pair wise.%> Thus it is possible to avoid intricate
many body system calculations to figure out the interactions in a rare gas system. We
only have to consider the interaction between two rare gas atoms‘ at a time. The total
interaction energy of rare gas system is given by the summation of each pair interaction
energy.

The basal plane of graphite can be easily prepared as a relatively inert substrate
with a very high, homogeneous (001) surface area with few defects:6 this provides
good cénditions for the adsorption of rare gas films. The interactions between rare gas
atoms and carbon atoms (C-atom’s) of graphite can also be described by a Lennard-
Jones 6-12 potential as in the case of the interactions between two rare gas atoms.” It
has also been shown that the pair-wise approximation for interaction between a rare gas

-atom and a C-atom gives good agreement with experimental results (see Appendix 1).

Basic structures of solid rére gas adlayers on the basal graphite plane can be

classified as commensurate and incommensurate phases. Fig. 1 shows examples of

these structural phases for rare gases on the graphite basal plane.8 If there exist integers
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N and M such that NK = Mk where K and k are the shortest reciprocal lattice vectors
of the substrate and adlayer, respectively, then the adlayer is a commensurate adlayer.
Layers that do not satisfy the above condition are incommensurate.2
The low temperature full-coverage Kr adlayer phase has a commensurate
structure, (\/5 x3 )R30°. Here /3 means that the lattice vectors of a Kr monolayer
physisorbed on the basal graphite plane are /3 times lon ger than those of the primitive
cell of graphite (001) and R30° means the unit cell of the Kr adlayer is rotated by 30° ‘
with respect to the primitive cell of graphite (001).4 A simplified phase diagram of Kr
on gpaphite is shown in Fig. 2 (a).? By contrast, the low temperature full-coverage
phases of Ne, Ar, and Xe oﬁ graphite are incommensurate. The phase diagram of Xe

on graphite is also shown in Fig. 2 (b).9

B. Adsorption on amorphous substrates

Unlike crystalline materials, amorphous materials do not have long-range
translational order (periodicity). The lack of the long-range translational order of
amorphous materials makes it difficult to set up universal models describing the
structure and physical properties of amorphous materials. Because of this difficulty,
studies of adsorption on amorphous substrates are only in a preliminary state.3
However, this difference also results in some distinctive features (e.g., resistance,
magnetic properties, and thermal conductivity) for amorphous materials. |

Recently, as new methods for controlling and exploiting these features of
amorphous materials have been introduced, the technological and scientific importance
of amorphous materials has greaﬂy increased.10 Amorphous materials have many
advantages for material applications. First, many amorphous materials are more easily
prepared than their crystalline counterparts. In general, it can be very difficult to make

perfect crystalline solids but is comparatively easier to make some amorphous solids.
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FIG.1. Structural phases for rare gases adsorbed on graphite. (a) Commensurate,
(\/3_ x 3 )R30° phase, (b) incommensurate, rotated phase, and (¢) incommensurate,

nonrotated phase. After ref. 5.
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Furthermore, the viscosity of amorphous materials is relatively low over a range of

temperatures near the glassy-transition temperature. As a result, amorphous materials
can be more easily formed to various shapes. Second, amorphous materials are often
homogeneous and isotropic on a macroscopic scale. By contrast, crystalline solids are
genera.lly anisotropic. As a consequence, physical properties of amorphous materials
are often homogeneous and isotropic unlike crystalline solids. Third, amorphous
materials can be formed homogeneously with various component materials over wide
range of component proportions. In many cases this can be used to adjust their physical
properties rather continuously.

Most of surfaces have a variety of surface defects. Since these defects have
peculiar physical properties unlike perfect crystalline parts, the surface defects are used
for a special purpose.2 Heterogeneous catalysis is an example of this. The basic
principle of heterogeneous catalysis is that chemical reactions occur at a certain type of
adsorption sites much more preferentially. The surface defeéts or terrace edge sites of
substrates are good candidates of the favorable adsorption sites:3 Such heterogeneous
surfaces are closely related to amorphous'substrates. To understand adsorptions on
heterogeneous substrates, it is necessary to understand adsorptions on amorphous
substrates as well as on perfect crystalline substrates.

For these reasons, amorphbus materials are indispensable to modern industry.
At the same time, adsorption on amorphous material surfaces has been raised as an

important research field in surface physics.

C. Thesis objectives
The principal goal of this thesis research is to study the physisorption of Kr
atoms on graphitic amorphoﬁs carbon (g-C). To demonstrate this, we will address the

following three questions:



(i) Will Kr adlayers form on g-C?
(ii) What will their structures be?
(iit) How will these differ from the structures of corresponding adlayers on graphite?

Kr physisorbed on g-C is an ideal starting point for the general investigation of
adsorption on amorphous substrates. As mentioned above, Kr full-coverage adlayers
physisorbed on the basal graphite plane at low temperatures have a commensurate
structure unlike Ne, Ar, and Xe adlayers. For this reason, Kr has been chosen as the
adsorbate for the preliminary study in this thesis. Graphitic amorphous carbon is an
appropriate choice for an amorphous substrate, because g-C has many physical
characteristics, (e.g., density, type of the bonds between C-atoms, and bond length)
similar to those of graphite (see Table I). These similarities may make it possible for us
to apply the abundant information about Kr adlayers physisorbed on the basal plane of
graphite to our study of Kr adlayers adsorbed on g-C.

To study the aspects of Kr adsorbed on g-C, we have to know three things:4 (i)
the lateral adsorbate-adsorbate interaction energy between two Kr atoms on g-C, (ii) the
average binding energy of a Kr atom on g-C, and (iii) the corrugation of the g-C surface '
potential, which is defined as the difference between the maximum and minimum
binding energies of one Kr atom physisorbed on g-C. The average binding energy of a
Kr atom on g-C determines whether Kr adlayers will form on g-C. The lateral
interaction energy between two Kr atoms and the corrugation of g-C surface binding
energy are keys to predicting the structure of Kr adlayers on g-C. More specifically, the
competition between the Kr - Kr interactions and the Kr - g-C interactions determines
the structure of Kr adlayer physisorbed on g-C.4

To investigate these three physical properties, we first need a structural model
for g-C. There are two requirements for a good g-C model. One is that the model has

as many similarities in physical characteristics as possible with graphite; this facilitates
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exploiting our knowledge about graphite. The other requirement is that it effectively

models the structure and physical properties of g-C. To satisfy the latter, the model for
g-C should be compared with the experimentally measured structure of g-C. A review
of standard models of g-C and the specific model used in this work are given in Chapter
2. Chapter 2 also provides a description of our measurements of the surface structure of
g-C and a review of related previous studies.

We also need specific forms for the adsorbate-adsorbate and adsorbate-substrate
interaction potentials for the Kr on g-C adsorption system. Typically, these expressions
are determined empirically. However, we do not as yet have experimental results to
determine them, so it is necessary to perform theoretical modeling of the system.
Chapter 3 describes the theoretical models of the interaction energies developed for this
thesis. g-C has a lot of physical properties which are similar to those of graphite.
Therefore, the interaction energy expressions for g-C will be based on corresponding
expressions on graphite. However, our assumptions have to be carefully justified.
Based on reasonable assumptions, the average binding energy of a Kr atom on g-C, the
Kr - Kr interaction energy on g-C{ and the corrugation of the g-C surface potential are
calculated. Results of these calculations are also reported in Chapter 3.

Chapter 4 contains a discussion of the applications of these results. By using
our calculation results, the structures of Kr adlayers adsorbed on g-C are predicted. We
also compare the calculated structures of Kr adlayer adsorbed on g-C with those
physisorbed on graphite. Then, the facts that determine the structural differences of Kr
adlayers on the two substrates are discussed. We carefully assess the assumptions in
the structural model for g-C and the interaction potential expressions for the Kr on g-C
adsorption system, and then discuss the validity and applicable range for which the
results of this thesis should be considered.

Chapter 5 provides a summary of conclusions drawn from this thesis and
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discusses possible research directions for the study of adsorption on amorphous

material substrates.
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CHAPTER 2

STRUCTURE AND STRUCTURAL MODEL OF
GRAPHITIC AMORPHOUS CARBON
A. Necessity of a structural model of
graphitic amorphous carbon

If an interaction potential is a central potential (a function only of the distance
between two molecules), it is essential to know the relative position of one molecule
with respect to the others in order to calculate the interaction energy between them. The
Kr - Kr and Kr - C-atom interactions can be described by the Lennard-Jones 6-12
potentials,11 and Lennard-Jones 6-12 potentials are such central potentials. Therefore,
the first step in calculating the interaction energies for Kr and graphite or for Kr and g-C
is to obtain sufficient information about positions of all carbon atoms relative to a certain
adsorbed Kr atom. Let us call this Kr atom the "central Kr atom."

For a crystalline solid, the relative positions of all atoms in the solid are
determined from the position of atoms in the primitive unit cell by translation. For
infinite or semi-infinite crystals, if we have specific forms of potential energies for the
interactions, we can calculate the interaction energies explicitly based solely on
knowledge of the primitive unit cell. If the boundary except the surface considered here
- is far enough from the central Kr atom that the contribution of the boundary to the
interaction energy is negligible, then we can assume that the system is infinite. This is
~ the situation for our calculation of the interaction energies for system with rare gas
adsorbates and crystalline substrates such as the Kr on graphite system. Boundaries,
crystal truncations, or crystal defects relatively close to the central Kr atom make
calculations much more difficult; such complications will not be considered here.

Amorphous materials do not have long-range translation order (periodicity).

That is, the local structure of amorphous materials varies from place to place. Thus,
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information about the local positions of some atoms in an amorphous material is

insufficient to determine the exact locations of other atoms at a distance. This lack of
periodicity prohibits applying standard methods used for crystalline materials to the
amorphous materials themselves.

Then, if the interaction energies depend on the relative distance between atoms
and if we do not know the exact position of every atom in an amorphous solid, is it
possible to calculate the interaction energies in and on the amorphous solid? Precisely,

Al

the answer for this question is "No." However, it is the goal of this thésis work to
produce an approximate answer to the quesﬁon.

The approach taken here is a statistical approach, in a vein similar to ensemble
theory used in statistical mechanics. Let us assume that we know the exact positions of
all atoms in a hypothetical amorphous solid. Selecting one substrate atom to be at the
origin, we could calculate exactly the interaction energy with a single central adsorbed
atom near the origin if we have the exact expression for the interaction potential between
atoms. However, this interaction energy depends on which substrate atom was selected
to be at the origin. Selecting a different substrate atom (i.e., a different region for
adsorption of the adatom) will lead to a different interaction energy because the spacing
of substrate atoms from a different origin is not the same. We can view adsorption near
each individual substrate surface atom as one member of an ensemble and then
determine the ensemble average energies and fluctuations. Further, at relatively large
distances from the origin, we can model the structure of the amorphous material in
statistical sense, rather than requiring $peciﬁc knowledge of the exact location of each
substrate atom.

To take such a statistical approach requires a statistical model of the structure of

the amorphous substrate. We begin by reviewing the structure of graphite and develop

a statistical model of the structure of g-C appropriate for our adsorption calculations.
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B. Structure and Physical Properties of Graphite

" Bulk graphite has a simple hexagonal Bravais lattice with four C-atoms per
primitive cell® as shown in Fig. 3(a). The graphite lattice plane perpendicular to the c-
axis of the primitive cell is called the basal plane of graphite. The structure of this basal
plane is the 2D hexagonal lattice shown in Fig. 3(b).6 Lattice constants of graphite are
b=2.461(1)A and c=6.7079(10)A at 15°C 12 where b and c are indicated in Fig. 3(a)
and Fig. 3(b), respectively. |

Graphite consists of sp2 bondings between C-atoms. This sp2 bonding can be
divided into two types: extremely strong intraplanar ¢ bonding and very weak
interplanar © bonding.12 The bond length of the ¢ bond is the intraplanar nearest
neighbor distahce of graphite, a, which is related to b by

b = +/2a. (2-B-1)
The bond length of ® bond is exactly a half of the lattice constant c.

Other physical properties of graphite, including coordination number (defined as
the number of the nearest neighbors,6 nearest neighbor separation, density, hardness,
resistivity, and band gap, are presented in Table 1.12

C. Structure and properties of graphitic
amorphous carbon

1. Types of amorphous carbon (a-C)

a-C shows wide variations in physical properties from soot-like g-C to diamond-
like a-C (d-C). The local structures of a-C’s are the most important fact in deciding their
physical properties, and usually their local structures are characterized by two
parameters: the ratio of sp2 and sp? bonds and the hydrogen content.16 sp2bonding
leads to 3-fold coordination and graphitic-like carbon. By contrést, sp? leads to 4-fold

coordination and diamond-like carbon.
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FIG. 3. (a) Structure of graphite,12 (b) The basal plane of graphite.

13



14

TABLE L. Physical properties of graphite, typical g-C samples, and ACF g-C films.

After ref.12.
Property Graphite Typical g-C ACF g-C Films
Samples

Lattice Constant (A)  a=2.4612(1) -- -
¢=6.7079(10)
@15°C

Coordination 3 3ord -

Number

Nearest Neighbor 1.415 (intraplanar)  -- -

Separation (A) ~ 3.345 (interplanar)

Density (g/crﬁ3) 2.2670(4) 1.7 ~22 1.8240.01 13

Hardness - 1~2 ~6 ~6

(Mohs scale)

Resistivity 4_><10'5 (interplanar) 1~ 10 0.5 14

(room temperature) 5x1072 (intraplanar)

(Q2-cm)

BandGap(eV) 0015 05 ~2.0 16 .
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Based on the ratio of sp? and sp3 bonds, a-C can be classified into two broad

categories: g-C and d-C. Formation methods, substrate condition, hydrogen content,
and post-growth heat-treatment further subdivide g-C and d-C.16 g-C has
approximately 90% to 100% sp? Bonds. On the other hand, d-C’s, which have high
sp3 bonding, are subdivided into ion-beam a-C and hydrogenated a-C (a-C:H). a-C:H
contains 30% to 60% hydrogen, typically with >25% of the carbon sites having sp2
bonds.16 Room-temperature conductivity, energy gap, density, hardness of glassy
carbon (nanocrystalline graphite), evaporated a-C, ion-beam a-C, and a-C:H are
presented in Table I1.16 Based on the conductivity, we can see that glassy carbon and
evaporated a-C are semi-metals. From the hardness of a-C:H, we can easily verify that
a-C:H belongs to the d-C category.

The work described in this thesis deals exclusively with adsorption on graphitic
amorphous carbon. The measured physical properties of the typical g-C class of
materials shown in Table I include coordination number, density, hardness, resistivity,
and energy gap. As pointed out, g-C consists of one type of atom (C-atom) and one
dominant intraplanar sp2 bond type. Due to these characteristics, g-C is generally

- treated as the prototype of a 2D continuous random network material.

2. Bulk properties of g-

This thesis contains measurements of g-C surfaces with various direct surface
structure probes to determine its surface morphology and comparison of the
morphology with structural models for g-C in Section E. The thin-film g-C samples
used for these measurements were made commercially by arc evaporation from high
purity carbon rods onto 25 x76 mm? detergent-coated microscope slides or cleaved mica
substrates at approximately room temperature using Dearnaley’s method.17 The g-C

films, which are between 0.05 pm and 1 pm thick, can be floated off their substrates

and adhered to other surfaces. Physical properties of our samples have been determined
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TABLE II. Room temperature conductivity (o), energy gap, (Eg) density (p) and

hardness of typical glassy carbon, evaporated a-C, ion-beam a-C, and a-C:H samples.

After ref. 16.
o (Ql-cm-l) E, (eV) p (g-cm-3) Hardness
(kg-mm-2)
Glassy carbon 102 ~ 103 102 1.3~15 800 ~ 1200
Evaporated a-C  ~ 103 0.4 ~0.7 ~20 20~ 50
Ion beam a-C ~ ~ 102 04~30 1.8 ~ 2.7
a-C:H 10-7 ~ 10-16 1.5~4 1.4~ 1.8 1250 ~ 6000

including density (1.82+0.01 g/cm3),17 hardness (about 6 in Mohs scale!2), and
resistivity (0.5 Q—cm);14 these are consistent with values for other g-C samples (see
Table I). Furthermore, Dennison and Doylel8 measured the Raman spectra of these
samples and have found good agreement with typical g-C spectra. Gao et al. confirmed
that these samples are g-C using transmission electron microscopy (TEM)19 and
electron energy loss spectroécopy (EELS)14 This large body of data clearly

demonstrates that the samples used in this thesis are in the g-C category.

3. Continuous random network models

This section provides a brief review of continuous random network (CRN)
structural models of amorphous solids. CRN’s are disordered arrangements of atoms
or molecules in which have bonds that are highly directional and usually covalent.20
Zallen21 and Elliott?2 discussed-the structure of the CRN based on Zachariasen’s
pioneering work.23 The simplest CRN structure is a 2D CRN with one type of atom

and Bond. g-C is the prototype of such a 2D CRN, since it is made up only of C-atoms
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with one predominate type of bond (85% to 100% sp? bondings). The 2D CRN

- concept has also been successfully applied to binary composition glasses with
directional covalent bondings, such as As,Ses or As;S3.20.23 Fig. 4 represents the 2D
CRN structure of g-C and the 2D structure of the corresponding crystalline graphite
counterpart.

The structural order in CRN’s can be viewed in terms of short-range order
(SRO), medium order (MRO), and long-range order (LRO). SRO is defined as
structure between nearest neighbors over length scale up to about 3 A. SRO is
parameterized by the coordination number, nearest-bond length, and bond angle. Thus,
SRO describes well-deﬁned local polyhedra like these shown in Fig. 5(a).

MRO includes the structure of next-nearest neighbors to several-nearest
neighbors. MRO can be further subdivided into short-range MRO (SRMRO),
intermediate—range MRO (IRMRO), and long-range MRO (LRMRO0).20 SRMRO refers
to next-nearest neighbor structure with length scales of 3 A to 5 A. Over these length
scales, SRMRO describes the type of connections within local polyhedra and their
relative orientations. The relative orientations are well characterized by the dihedral
angle, which is defined as the angle between two projections of bonds that belong to
different local polyhedra on the plane perpendicular to the connection of the two local
polyhedra [see Fig. 5(b)]. IRMRO (5 A to 15 A) is characterized in terms of n-
membered rings or clusters of atoms of a certain shapes or sizes. Rings or three-ring
clusters, which will be discussed in Section E, are examples of this range structure. On
a length scale greater than 10 A to 20 A, LRMRO describes the local dimensionality of
the covalently bonded network. CRN’s do not have the long-range order (periodicity),

in contrast to crystalline materials.
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FIG. 4. (2) 2D structure of graphite, (b) 2D CRN structure of g-C. After ref.12.
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FIG. 5. (a) Local polyhedra represented by the nearest neighbors and bond angles (b)
Definition of dihedral angle ¢. After ref. 20.
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4, Structural models of a-C

Robertsonl6 identified three types of structural models for disordered and
amorphous carbon; (i) glassy carbon modelé composed of structural layers comprised of
microcrystals of graphite stacked in disordered structures,24 (ii) models of a random
networks consisting of nanometer diameter regions of sp? bonding linked by sp3
bonds,25-28 and (iii) models of random networks with mixed sp2 and sp3 bonding
characterized by the ratio of sp2 and sp3 sites.29 Among these three structural models,
the third case, typified by a modeling study by Beeman et al.,29 is most appropriate to
the g-C material of the present study. Thus, let us look into Beeman’s models more
specifically.

We begin by considering the parameters describing the SRO (coordination
number, bond length, and bond angle) of g-C to determine which of Beeman’s models
is most applicable. Beeman et al. constructed four structural models for a-C containing
different ratios of sp2 and sp? bonds (refer to Table ITI). The model “C1120” was made
up exclusively of sp2 bonds. “C340” had 9.1% sp3-site C-atoms and “C356” contained
roughly 50% sp3 bonding C-atoms. “C519” model was composed of only sp3
bondings. Since g-C is a mixture of sp2 and sp® bondings dominated by sp? bonds
(greater than 85% 16), the coordination of g-C should be close to 3.12 From the ratio of
sp? to sp3 sites alone, it can be seen that C1120 and C340 are the best candidates for
structural models of g-C.

For all Beeman’s models, bond lengths between three coordinated atoms were
relaxed to approximately 1.42 A (tile intraplanar bond length in graphite), bond lengths
between four coordinated atoms were relaxed to 1.56 A (the diamond bond length), and
those between three coordinated atoms and four coordinated atoms were adjusted to
1.51 A (the bond length of toluene). The minimal distribution in bond lengths results

from the fact that typically the bond-stretching force constants (f;) are a factor of five
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TABLE III. Physical properties of graphite, diamond and a-C’s. ny, r1, 13, and p are

the coordination number, the nearest neighbor distance, the second nearest neighbor

distance, and thedensity, respectively. After ref. 16.

Sample ny n &) £, (A) p (gfem®)
Graphite 3 - 1.42 2.45 2.25
Diamond 4 1.55 2.52 3.51
a-C:
Mildner30 2.99 1.425 2.45 1.49
Kakinoki3l 3.45 | 15 2.53 2.4
Boiko?2 3.30 1.43 2.53 2.1
Models:?9
C1120 3.00 1.42 2.44 2.11
C340 3.28 1.42 2.43 2.69
C356 3.53 1.51 2.55 3.21

C519 4.00 1.55 - 2.52 3.39
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greater than the in plane bond-angle bending force constants (fg) for CRN materials.20

Thus, the bond lengths of sp? and sp® bonds of g-C change minimally from those of
sp? bonds in graphite and those sp? bonds in diamond, while the bond angles have a
much wider distribution. The bond length variation is reflected in the radial distribution
function (RDF), J(r), which is defined as the number of atoms lying at radial distances
between r and r+(unit radial distance) from a selected atom located at the origin. The
calculated RDF’s for each Beeman’s four models are shown in Fig. 6 where they are
compared with an experimental RDF of g-C measured by Mildner and Carpenter30
using neutron diffraction. As can be seen in Fig. 6, the RDF of C1120 shows the best
agreement with Mildner’s RDF of g-C. The related physical properties of Mildner’s g-
C sample are quite similar to those of g-C listed in Table I. We also note that the density
of the C1120 model is most similar to the density of graphite and g-C as listed in Table
I11.

We therefore conclude that Beeman’s C1120 model is the best structural model
for the class of g-C material studied in this thesis. Beeman also reached the conclusion
that his C1120 model best describes g-C based on comparison with ir, Raman, electron
diffraction, x-ray diffraction, neutron diffraction, NMR, and EXAF data.29 For the
’ C1120 model, Beeman estimates the bond length of g-C is a=1.4240.01 A and the bond
angle is 6=11716°, with ring statistics of 21% 5-membered rings, 59% 6-membered
rings, and 20% 7-membered rings and a density of p,=2.11 g/cm3.

The SRMRO of g-C is repfesented by the ring structure. The wide variation of
the bond angles in g-C allows the existence of significant number of 5- and 6-, and 7-
membered rings and even perhaps some 4-, 8-, and 9-membered rings.25 The CRN’s
of C1120, C340, C356, and C519 are comprised of 5-, 6-, and 7-membered rings.
Beeman estimated the number of 5-, 6-, and 7-membered rings per C-atom for C1120,

C340, C356, and C516 from which we determined the ring statistics (see Appendix 2).
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The ring statistics (the probability distribution of 5-, 6-, and 7-membered rings) of the

C1120 CRN are given in Table XVI (Appendix 2).

As discussed above, the IRMRO for g-C (on a length of 5 A to 15 A) can best
be characterized in terms of collections of rings. Fig. 7 shows the possible three ring
clusters composed of 5-, 6-, and 7-membered rings. The probability of encountering
each of the three ring clusters in Fig. 7 are calculated in Appendix 2, based on the ring
statistics for the C1120 model, and are listed in Table IV.

Beeman’s C1120 model predicts an IRMRO structure of sp2-bonded C-atoms
which form rafts of quasi-2D CRN rings on the order of 10 A to 20 A in diameter. Fig.
812 shows a Zachariasen schematic of one such quasi-2D CRN raft similar to that in the
C1120 model. The constituent atoms in this figure are all 3-coordinated, with nearly
uniform bond lengths and a broa& bond-angle distribution centered near 120°. The
structure in Fig. 8 is comprised of 5-, 6-, and 7-membered rings. The ring statistics
[indicated in Fig. 8(b)] and the three ring cluster probability distribution (see Table IV)
are quite similar to those of the C1120 model. The two circles in Fig. 8 indicate 20 A
and 30 A diameter circular rafts, respectively.

The presence of 5-, 7-, 8-, and 9-membered rings in the quasi-2D CRN of g-C
suggests warping or bending within a raft on the LRMRO length scale.20 This is
discussed in more detail in Section D.1 below. Galli et al.25 estimated that this local
warping is less than 1A within a particular raft. Isotropic structure, lacking LRO, is
achieved by random orientation of the raft planes. The necessity of dangling bonds
resulting from the unconnected, randomly oriented rafts can be avoided by connection
with a few sp3 C-atoms as suggested by Robertson.16 However, the extent of layering,
the specific correlation of adjacent rafts, and the presence and distribution of sp3 bonded

C-atoms are not well understood.
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FIG. 7. Possible combinations of 5-, 6-, and 7-membered rings in three ring clusters.
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FIG. 8. (a) Zachariasen schematic of a quasi-2D CRN raft similar to that predicted in

the C1120 structural model of -g-C,12 and (b) the corresponding ring statistics

histogram.
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TABLE IV. Probability distribution of three ring clusters. Refer to Appendix 2 for

details. .
%
Three ring cluster Calculated three ring cluster ~ Empirical three ring cluster

probability distribution probability distribution for
based on Beeman C1120 structure in Fig. 7 (%)

ring statistics (%)

555 1.1 0
556 8.5 1
557 2.7 3
566 23.2 16
567 14.7 | 24
571 2.3 4
666 ' 19.9 24
667 - 210 22

677 6.3 6
777 0.7 0
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D. The surface structure of graphitic amorphous carbon

1. Geometrical properties of the surface of g-C

The presence of rings other than 6-membered rings has a major impact on the
structure of g-C, particularly its surface structure. In a 2D honeycomb lattice, the
presence of 5-, and 7-membered rings cause change of local curvatures around them.20
Addition of 5-membered rings (or other sized rings with less than six members)
produces “spherical curvature” (or positive curvature), which is the curvature of convex
or concave surfaces. Addition of 7-membered rings (or other sized rings with more
than six members) causes “hyperbolic curvature” (or negative curvature), which is the
curvature of a saddle surface.33 |

As an example of the introduction of positive curvature, consider a pentagon
embedded in a honeycomb lattice. The modified lattice can not remain in a plane even
when both bond angle and bond length variations in the hexagons are permitted. Begin
by considering the regular pentagon in Fig. 9; setting the origin at the center of the
pentagon, the lattice has five-fold symmetry. If we attach hexagons sequentially to this
penta;gon, the sides of hexagons are located alternatively on the A and B lines and they
are connected by the other sides of hexagons, 1, 2, and so on, as in Fig. 9. As the
distance from the origin increases-, the distance bétween lines A and B also increases
linearly. As aresult, at large enough distances, we cannot connect the hexagon sides on
lines A and B with the remaining side of a hexagon. This means that we cannot make
the modified honeycomb lattice be 2D. The only way to make the distance between the
lines A and B be finite and have the modified lattice maintain five-fold symmetry is to
change its structure from a planar structure to a spherically curved surface (convex or
concave structure). Similarly, it has been shown that the honeycomb lattice, with an
embedded heptagon, should have a saddle-like structure with negative curvature.34-37

As aresult, it is generally impossible to make a honeycomb lattice, which has 5-



FIG. 9. 2D honeycomb lattice with an embedded pentagon.
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or 7-membered rings, be perfect flat. This is the fundamental reason that the rafts of g-

C have warping or bending.

2. Previous theoretical and experimental results

Galli et al.25 investigated the structural and electrical properties of amorphous
carbon theoretically. They modeled the structure of a-C using computer simulations
based on first-principles tight-binding molecular dynamics. Their sample had 85% sp?
site C-atoms and 15% sp3 C-atoms. The authors showed that the physical properties of
their a-C model agree with various experimental and theoretical properties of g-C. The
resultant structure of their a-C model was composed of several thick planes, which were
connected by a few orthogonal planes. These thick planes were quasi-2D CRN’s and
their root mean squaré (rms) roughness was about 1A, More recent models of tight-
binding molecular dynamics calculations 27-28 predict similar structures.

Marchon et al. 38 investigat-ed the surface morphology of g-C thin films prepared
by dc magnetron sputtering onto ~100°C substrates with STM (scanning tunneling
microscopy) using the “constant height” mode. They obtained atomic resolution images
of the g-C films and observed the existence of small (~15 A) graphitic domains with
localized ® bonding. The regions exhibited predominately 6-membered rings, but 5-
membered rings and other nonperiodic structures were also seen. Their results also
show that g-C films have graphitic short-range order with rms roughness much less
than 1 A over 1x1 nm? lateral dimensions. Additional STM studies of a-C have
observed similar features, but their results are less conclusive.39-40 Weissmantel et
al.41 have also suggested the presence of 5-, 6-, and 7-membered rings on sputtered a-C
films based on their electron diffraction measurements. These results are consistent

with the structural models of Beeman, Galli, and others discussed above.
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3. Measurement of the Topography of Graphitic
Amorphous Carbon

The Kr - g-C and the Kr - Kr on g-C interactions are functions of the positions
of C-atoms in g-C. Thus, the surface topography of g-C is an important factor in
determining the structure of Kr adlayers on g-C. Therefore, we have studied the
topography of g-C samples through surface ‘probe measurements directly, so as to
compare the structure of a specific, real g-C material with our structural model and to
deduce how reliable are our model of g-C and the interaction energies calculated with
this model.

To investigate the topography of g-C, the height variations of g-C surfaces were
measured with several complimentary experimental methods, which explored several
lateral dimensions determined by the characteristics of experimental probes. The
measurement techniques used were (i) optical microscopy, (ii) SEM (scanning electron
microscopy), (iii) optical interferometry, and (iv) STM. Our experimental results are
summarized in Table V.

Let us look into the possible information aBout the topography of g-C obtainable
with these structural probes. First, the optical mi‘croscopy will provide information

" about the sub-millimeter surface structure of g-C. Since one millimeter is a huge length
on the atomic scale, we expected that optical microscopy can only observe the gross
defects existing on g-C surfaces. If some wrinkling of g-C surface is observed, then
this wrinkling will not be due to the nanoscale structure of g-C itself, but rather due to
some other factors, e.g., the internal stresses of the g-C films or substrate irregularities.
SEM and the optical interferometry have submicron resolution. These techniques have
the potential to give us (i) gross surface features of g-C which include rafts, raft edges,
and defects, and (ii) rms roughness. In amorphous materials, it is hard to define
defects clearly, but it may be possible to observe something like holes due to defects of

sp? and sp3 bonds of g-C. STM can have subnanometer resolution power. Therefore,



TABLE V. Results of g-C surface structure measurements.
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Experimental Optical SEM Optical ST™M
Method Microscopy Interferometry
Image Size -- 3.78 x 245x239 140x185 500x500 9 x9nm?
3.06 pm2 pum? um? nm?

Magnification ~ 40.0 x 1.8x104x  206.6 x 555.6 x 1.6x105x  8.0x10%x

Vertical - 7nmt08 0lnm  0.lnm £0.1nm <0.1nm

Resolution nm

Limit

Horizontal -- 4nmto6 50nm 50 nm £02nmm <£02nm

Resolution nm

Limit

Measuredrms < 1 tm <0.lpym <1nm <0.6nm <05nm 0.08 nm

Roughness

Conclusions Sample is Macroscopic  Significant  rms Thesurface <1 Arms
smooth to wrinkling of height roughness is roughness of surface
within the g-C was  variation reduced as g-C was roughness
vertical observed. _was the lateral clearly of the g-C
resolution measured at  dimensionis observed. was
over ~ lmm this lateral  reduced. measured at
lateral -dimension. these lateral
length scale. dimensions.
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we can hope to observe (i) roughness of g-C surface within rafts, (ii) raft size, and (iii)

atomic structures of rings as were observed by Marchon et al. 38

The g-C thin films used for the surface measurements were made by Arizona
Carbon Foil Co., Inc. (ACF). An arc-evaporation method was used for making these
films.13 These films were deposited at room temperature on 25x76 mm? detergent-
coated glass and mica microscope slides. Their physical properties are listed in Table L.

a. Optical microscopy: The g-C films were observed through an optical

microscope with 40 X maximum magnification. The results of this experiment show
that the surfaces of the carbon films too smooth to observe wrinkling at this
magnification. Fig. 10 shows the results.

b. SEM: The g-C films were mounted on flat aluminum disks for SEM studies,
following the instruction of ACF 42 and were then dried in air.
| A Hitachi S4000 Field Emission SEM equipped with light element capability
was used at the USU Electron Microscopy Center. Let us consider the basic operating
principles of SEM. A schematic diagram of an SEM is shown in Fig. 10. The
secondary electrons emitted from the sample are collected in a detector. The detector
signal is synchronized with the electron beam scan and the cathode ray tube scan to
produce an SEM image.43 Typically, én SEM has a 7-nm to 8-nm vertical resolution
1imit4* and a 4 nm to 6 nm horizontal resolution limit.43

Our experiments studied the submicron aspects of the g-C surfaces. Under low
magnification, macroscopic wrinkling of the g-C surface was observed. As the
resolution of SEM was increased, only smooth g-C surfaces were observed. These
observations provide the justification for the approximations in the calculations of Kr -
g-C interactions which assume the g-C surfaces are flat at large distances from an
adsorbed atom (the RDM and CMM regions treated in detail in Section E). Fig. 12

shows the experimental results.



34

(a)

(b)

FIG. 10. Surface morphology of g-C thin films with optical microscopy. (a) ACF g-C
on mica. Magnification, 40x. The central feature is a pin hole in the g-C film. (b) ACF

g-C on glass. Magnification, 40x. Feature in up left is a crack in film.



FIG.

L

Electron
Gun

Scah
Coils

Scintillator
Detector

Scan
Generator

Computer

Sample l__l__l

Preamplifier

Cathod
-l‘ay
Tube
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(b)

FIG.12. Surface morphology of g-C thin films. (a) ACF g-C on glass. 1.8x104x
magnification. The image size is 3.78 x 3.06 um2. (b) ACF g-C on mica. 1.8x104 x
magnification. The image size is 3.78 x 3.06 um?2.
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c. Optical interferometry: The optical interferometer instrument used is an

interferometer that has an internal reference surface.45-46 The reflected light from the
sample interferes with the reflected light from the internal reference surface. The
resultant interference pattern can be observed through the eyepieces of a microscope.
This pattern is also recorded and analyzed by a computer. Fig. 13 shows a schematic
diagram of an optical interferometer.30 Measurements were made using a Wyco optical
interferometer by Chao Gao at Hitachi Corp. The “ultra-low noise 2D configuration”
was chosen as the experimental method. In this configuration, the .vertical and
horizontal resolution limits of this instrument are 0.1 nm and 50 nm, respectively.47
Using this optical interferometry, the gross features of the g-C surface and its
rms roughness have been studied. Fig. 14(a) shows the surface features of g-C with
245x%239 pm? lateral dimensions, and with ~1 nm rms roughness. Unlike the basal
plane of graphite, the g-C surface has significant height variation over these lateral
dimensions. As we reduced the lateral dimensions of the optical interferometry image,
the surface roughness was also reduced, as seen in Fig. 14 (b). For 140x 185 um?2
lateral dimensions, we observed 0.7 nm rms roughness. The rms roughness was
decreased by 70% for a 50% reduction in lateral dimensions. These lateral dimensions
are still very large considering the ranges of the Kr - C-atom and the Kr - Kr interaction
potential, which will be discussed in chapter 3. Therefore, it is not meaningful to
directly compare the rms roughneés from these experiments with the rms roughness of
the structural models of g-C, which will be treated in Section E. It should be noted
that,in this experiment the average roughness level of the g-C films are flat in these
lateral dimensions. This supports the assumption that the average g-C surface is flat and
the flat surface approximation of the RDM and CMM, discussed in Section 2-5, is

reasonable.
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d. Scanning tunneling microscopy: The g-C films were mounted on flat metal

disks for STM analysis following the instruction of ACF 42 and were then dried in air.

Atomic resolution of STM comes from piezoelectric control of a metallic tip
within the angstrom range of height from the surface of a sample. In this height range,
there is a tunneling current between the tip and the surface of the sample caused by
applying a bias voltage between them.48 Basically, there are two STM image modes.
One is a “constant height” mode. In this mode, the tunneling current is imaged for a
constant probe height above the surface. The other mode is a “constant current” mode,
where the tip height is adjusted to maintain constaﬁt cufrent and the height is imaged.49
Typical vertical and horizontal resolution limits of STM are less than 0.1 nm and 0.2
nm, respectively.30

STM investigations were performed in air with a Nano Scope II from Digital
Instruments in Dr. Greg Swain’s laboratory in the Department of Chemistry and
Biochemistry at Utah State University. Tungsten tips were used as the tunneling tips.
Tunneling biases were set to 20.1 mV for the image in Fig. 15(a) and 25.0 mV for the
image in Fig. 15(b). The constant current mode (set to 2.0 nA) was used for both
images. For the first image, data were collected with 200 pixels/scan. For the second
image, there were 400 pixels/scan. These operating parameters are similar to those used
by Marchon et al.38

To date our STM experiments have not been able to observe raft sizes or the
structures of rings. However, we did determine the surfaée roughness of g-C clearly.
Fig. 15(a) shows the surface features of g-C with 500 500 nm? lateral dimensions. As
we can see from this image, the surface of g-C is quiet smooth. The degree of
smoothness of g-C surface can be seen more clearly in Fig. 15(b). With 9x9 nm?
lateral dimensions, this experiment shows about 0.8 A rms roughness. .Even this small

roughness may be a result of instrumental resolution limitations rather than intrinsic
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surface roughness since the rms roughness is less than the typical vertical resolution

limit of STM. Higher resolution experiments are in progress.
E. Structural model for interaction energy
calculations

To investigate the physisorption of Kr on g-C, a structural model of g-Cis
necessary. In Section C, the use of the C1120 model of g-C was proposed for two
reasons. First, C1120 is a reasonable model for the structure of g-C materials, which is
in close agreement with a variety of experiments and adequately predicts. most of the
basic physical properties of g-C. Secondly, the physical properties and structure of
C1120 are similar to those of graphite. As will be discussed in detail in Chapter 3, the
interaction potentials between a Kr atom and a C-atom of graphite and between two Kr
atoms on graphite will be used for those between a Kr atom and a C-atom of g-C and
between two Kr atoms on g-C. This approximation is valid, if g-C has similar physical
characteristics to graphite. Especially for the approximatioh for the Kr - Kr interaction

potential on g-C, we need high ratio of sp2 bonding (refer to Chapter 3).

1. Hierarchy of the structural model

Although the C1120 model is sufficient to describe many aspects of g-C, it is
insufficient to use the C1120 model alone to perform the Kr - g-C interaction energy
calculations since (i) the exact positions of all the C-atoms in the C1120 model are not
known (though we know its physical properties and ring statistics), and (ii) the
dimensions of the C1120 model are not big enough to be considered as a semi—inﬁnite
substrate. Thus, it is necessary to extend the C1120 structural model for g-C to
complete the Kr - g-C interaction energy calculation. We employ a hierarchy of three
structural models, with increasing levels of positional detail, for decreasing radial
distances of the C-atoms from the central Kr atom, as indicated in Fig. 16. The three

levels of approximation are described in detail below.



43
a,_Continuous medium model: The continuous medium model (CMM) consists

of an effective continuous medium, which has an average density po of carbon atoms
matching that of the C1120 model (2.11 g/cm3 or 0.113 carbon atoms per A3). The
CMM is a homogeneous and isotropic model.

This model has several limitations. First, it contains no information about
wrinkling on the surface. One of the most distinctive characteristics of g-C substrates,
in contrast to the basal planes of gr_aphite, is that g-C substrates have wrinkling on their
surfaces. Especially for carbon atoms close to the central Kr atom, where the Kr - C-
atom interaction potential, ¢x;.c, does not vary linearly (see Chapter 3), the CMM alone
provides an insufficient model for the structure of g-C.

For carbon atoms far from the origin, the CMM gives reasonably good
interaction energy calculation results. We base this on two assertions. First, as the
distance between a given carbon atom and the central Kr atom is increased, ¢x;.c varies
rapidly and approaches to zero and then varies slowly with very small gradients. If the
distance is large enough, then sma]l» variations in the exact positions of the carbon atoms
do not make any significant differences in the interaction energy calculations. Second,
in amorphous solids, information about the local structure of one part of a solid is not
sufficient to uniquely determine the structure of other distant parts. In other words, the
positions of C-atoms of one part of g-C are not correlated with those of others far apart
from it. In this region, it is possible to treat g-C statistically as a continuous medium
using its average density and the CMM model. In summary, the CMM is a good
approximate model for describing the part of g-C far from the central Kr atom, but is not
appropriate for modeling carbon atoms close to the central Kr atom.

b, Radial distribution model: The radial distribution model (RDM) is also a
continuous medium model like the CMM. The RDM is isotropic, but not

. homogeneous, unlike the CMM. The density function (sometimes referred to as the



>N

B

DMM Region

X RDM Region

CMM Region

FIG. 16. A schematic diagram of the hierarchy of the structural model of g-C.

y



45
atomic pair correlation function), p(r), used in the RDM, is a function of the radial
distance r from the origin (located at the C-atom from which the RDF was calculated;

refer to Section C-c above) and is given by

_ )
p(r) = 4mr?

(2.E.1)

where J(r) is the RDF. J(r) of the C1120 model is shown in Fig. 6; it provides
information about the angular averaged distribution of C-atoms about a C-atom at the
origin. Thus, the statistical distribution of distances of C-atoms from the central Kr
atom can be determined using J(r). Since ¢x:c is a central potential, ¢x;.c is only a
function of distances between the central Kr atom and C-atoms. As a consequence, the
RDM provides a statistically averaged interaction energy.

In the intermediate range (about 4 A to 6 A), the interaction potential between a
Kr atom and a C-atom of g-C, ¢k:.c, does not vary linearly with respect to r (refer to
equation 3.C.1). In this range, the interaction energy calculation is affected by position
variations of the C-atoms even though their positions vary randomly. As a
consequence, the CMM has insufficient positional detail for accurate interaction energy
calculations in this range.

Because the RDM is also a continuous medium model, it is again not possible to

“represent the wrinkling of g-C substrates. As a result, it is impossible to investigate the

effect of the wrinkling of g-C substrates on physisorption of Kr on g-C with the RDM
and CMM alone.

¢. Discrete medium model: The RDF’s calculated for the C1120 model and those
measured by Mildner for g-C extend down to nearest neighbors, so in principle the
RDM could be used to calculate £he interaction energies for all C-atoms up to the upper
limit of the RDF’s (~ 6 A). However, we know a good deal more about the SRO and
MRO of g-C than is contained in the RDF.

The discrete medium model (DMM) improves the interaction energy calculation
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by using a statistical ensemble of MRO structures (three ring clusters) for which the

exact positions of the C-atoms can be specified (in some approximation) for each
member of the ensemble. The DMM uses an ensemble of three ring clusters composed
of 5-, 6-, and 7-membered rings as shown in Fig. 7. Each three ring cluster of the
ensemble occurs with a probability calculated using Beeman’s ring statistics for the
C1120 structural model 2° (see Appendix 2 and Table IV). In this section we must
determine the positions of the C-atoms for each three ring cluster, and the probability
distribution of the three ring clusters. In Chapter 4, the interaction energies for each
three ring cluster are determined.

In constructing three ring clusters, we begin by using regular pentagons,
hexagons, and heptagons for 5-, 6-, and 7-membered rings, respectively. Ideally, these
regular structures should be relaxed to a minimum energy configuration, by allowing for
variations in the bond lengths and bond angles and for the structure to be nonplanar.
For graphite, the bond-stretching force constant f; is larger than in-plane or out-of-plane
bond-angle-bending force constant, fg or fy, even though there are discrepancies in
these values from literature to literature (refer to Table VI). Therefore, it is reasonable to
assume that the intraplanar sp? bonding length is kept nearly constant and close to the
graphite bond length. The remaining parameters determining the geometrical structures
of three ring clusters, are the in-plane and out-of-plane -bond angle variations. The
preferred method would be to search the bond angle (both in-plane and out-of-plane)
parameter space to determine the bond angles for the minimum energy configuration
based on bond angle bending force constants for carbon bonds like those developed by
Tersoff.51 However, there is considerable disagreement in the values of these force
constants.29: 52-59 1In addition, the finite size of the ring clusters considered and
boundary effects have a major impact on the minimum energy configuration unless one

minimizes the structure of rafts much larger than three ring clusters. Preliminary
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attempts to find the minimum energy configurations for six to eight ring clusters by Ali

Sabbah, using the standard energy minimization package for chemical structures called
PC Model,50 were not successful; minimum energy structures varied significantly
depends on initial configuration of the structures, which indicated that the energies were
local minima. Finally, itis difficult to take into account the effects of adjacent rafts, sp3
bonding, or other structures not in the plane of the quasi-2D ring clusters, even if ring
clusters are constructed.

Given these difficulties in determining minimum energy conﬁguraﬁons for the
three ring clusters, we can found ir necessary to resort to greatly simplified structural
models. Two limiting cases were considered. The first case is that fy is much larger
than fs. Then, the distortions of bond angles of rings will be in-plane. As a result, the
structures of the three ring clusters will be flat. The other case is that fg is much larger
than fy. For this case, the structure of the three clusters will.be out-of-plane in contrast
to the above case, and will be convex or concave. The practical structures of g-C

surface will be within these two limiting cases. In this thesis, the first limiting

structures were adapted for 6, + 6, + 6, > 2w case and the second limiting case was
used for 0, + 0, + 0, <2x case, where the angles 81, 82, and 63 are defined in Fig. 17.
Refer to Appendix 3 for the determination of C-atom coordinates of DMM.

To complete the DMM, we need the probability distribution of the three ring
cluéters. These are calculated from the ring statistics of the C1120 model in Appendix 2

and are listed in Table IV.

2. Joining the models

a. Crossover from CMM to RDM: The valid region for the CMM is the range of
r where the interaction potential between a Kr atom and a C-atom, ¢k:.c, varies very
slowly with a nearly zero gradient. By considering the graph of the parameterized

Lenﬁard—] ones 6-12 potential in Fig. 20 (shown later) and the specific potential ¢g;.c(r)



TABLE VI._Force constants of graphite in dyne/cm.

48

£, fo fo
Beeman et al. 2 3.63 x 105 0.360 x 10° 1.34 x 105
Nicklow et al. 33 3.62 x 105 0.322 x 105 299 x 105
Al-Jishi et al. 54 3.13 x 105 2.670 x 105 0.875 x 10°
Tuinstra et al. 57 4.32 x 105 0.250 x 10° --
Spence et al. 38 7.10 x 105 0.670 x 105 -
Yoshimori et al. 3 6.71 x 105 0.480 x 105 --
Young et al. 55 436 x 105 0.380 x 105 -

for the Kr - g-C interactions in Fig. 25 (shown later), the upper limit of the valid region
is about 1.56 to 20 or 5.2 A to 7.0 A. On the basal plane of graphite, the most stable
physisorption height of Kr above the basal plane is 3.43A.3 If we use this height as the
approximate physisorption height of Kr on g-C, the radial distance from the origin (not
from the central Kr atom) above which the CMM becomes valid is from 3.9 A to 6.1 A.
The RDF of the C1120 model was calculated by Beeman for distances up to 6 A.29
Besides this facts, the variation of the density p(r) calculated with the radial distribution
function J(r) of C1120 is vary small for r>5 A (see Fig. 18). Therefore, it is reasonable
to choose the crossover from CMM to RDM at r>5 A. The crossover take place at
5.881A in our interaction energy calculations.

b. First layer g-C and bulk g-C: If we model the near region of the g-C substrate
as made up of a quasi-planar DMM portion and a bulk RDM portion [as shown in Fig.

19(a)], the model predicts a hemispherical void below the DMM portion which results

| from the transition from the DMM to RDM structural models. This dented part of the

RDM causes the interaction energies above this region to be lowered anomalously. To
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FIG. 17. A schematic diagram indicating the three angles defined by the intraplanar sp2
bonds.
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avoid this anomaly, the region modeled by the RDM was separated into first layer and

the bulk g-C components, as shown in Fig. 19(b).
The first layer portion of our g-C consists of CMM, RDM, and DMM regions.
The CMM of the first layer g-C has a surface density %-po where p, is the average

density of the C1120 model and % is the interplanar distance of graphite. The factor of

% is used to convert the volume density of the C1120 model to a surface density.

Similarly, the surface density function used with the first layer RDM region of g-C is
c J(r)
2 4nr’

. As discussed above, the DMM region consists of the quasi-planar three ring

clusters. The bulk portion of g-C is composed of CMM and RDM regions only, to
avoid creating the dented part of the RDM for the bulk g-C.

| ¢. Crossover from RDF to DMM: The RDF and DMM crossover occurs at a
radius R in the first layer region defined by

the number of C-atoms
¢ J(r)
2 4nr?’

R
in athreering cluster = j dr2nr (2.E.12)
0

This equation comes from the conservation requirement that the total number of C-atoms
of this model of g-C should be eqhal to that of real g-C. As an example, for the 555
three ring cluster, the corresponding R is determined by

R
10 = Jeran I(r)
0

s 2.5.13
2 4mr? ( )

since the 555 three ring cluster has 10 C-atoms. Table VII shows the number of C-

¢ J(r)

R
atoms within a circle of radius R defined by _[dr27cr— Based on these
0

2 Anr?’

calculation results, Table VIII shows the crossover radius R of each three ring cluster.
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TABLE VIL. Number of C-atoms in the circle with radius R. (refer to Fig. 16).

Number Number Number Number
R (A) of R (A) of R (A) of R (A) of

carbon carbon carbon carbon

atoms atoms atoms atoms
3.01 8.926 3.31 9.846  3.61 11.614 3.91 14.225
3.02 8.961 3.32 9.879 3.62 11.699 3.92 14.308
3.03 8.996 3.33 9912 3.63 11.788 3.93 14.389
3.04 9.030 3.34 9.945 3.64 11.873 3.94 14.471
3.05 9.063 3.35 9982 3.65 11.963 3.95 14.554
3.06 9.098 3.36 10.023 3.66 12.048 3.96 14.637
3.07 9.128 3.37 10.062 3.67 12:138 3.97 14.719
3.08 9.158 3.38 10.102 3.68 12.229 3.98 14.803
3.09 9.189 3.39 10.145 3.69 12.317 3.99 14.887
3.10 9.220 - 3.40 10.190 3.70 12.408 4.00 14.971
3.11 9.249 3.41 10.237 3.71 12.498 4.01 15.058
3.12 9.979 3.42 10.285 3.72 12.585 4.02 15.143
3.13 9.309 3.43 10.334 3.73 12.677 4.03 15.229
3.14 9.338 3.44 10.393 3.74 12.767 4.04 15.315
3.15 9.367 3.45 10.449 3.75 12.856 4.05 15.402
3.16 9.396 3.46 10.505 3.76 12.945 4.06 15.485
3.17 9.425 3.47 10.567 3.77 . 13.036 4.07 15.575
3.18 9.453 3.48 10.632  3.78 13.123 4.08 15.665
3.19 9.482 3.49 ©10.696  3.79 13.211 4.09 15.757
3.20 9.509 3.50 10.760  3.80 13.298 4.10 15.850
3.21 9.535 3.51 10.833 3.81 13.385 4.11 15.943
3.22 9.564 3.52 10.905 3.82 13.471 4.12 16.037
3.23 9.598 3.53 10.974 3.83 13.556 4.13 16.132
3.24 9.631 3.54 11.049 3.84 13.642 4.14 16.226
3.25 9.663 3.55 11.125 3.85 13.726 4.15 16.319
3.26 9.691 3.56 11.202  3.86 13.810 4.16 16.414
3.27 9.717 3.57 11.284  3.87 13.895 4.17 16.513
3.28 9.749 3.58 11.365 3.88 13.978 4.18 16.608
3.29 9.781 3.59 11.447 3.89 14.061 4.19 16.716
3.30 9.814 3.60 11.531 3.90 14.144  4.20 16.819




TABLE VII. Crossover radius R of three ring clusters.

Three Ring Cluster R (A) Three Ring Cluster R (A)
555 3.30 577 4.00
556 3.53 666 3.77
557 3.65 667 3.80
566 3.65 677 4.00

567 ' 3.77 777 4.12
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CHAPTER 3

INTERACTION ENERGY CALCULATION

A. Introduction

The basic purpose of this thesis research is to study the physisorption of Kr on
g-C. Naturally, this raise three quéstions: (1) will Kr atoms be physisorbed on g-C; (ii)
if Kr physisorbed on g-C, then what would its adlayer structure be; and (iii) how would
this structure differ from that on graphite? To answer these questions we need three
things: (i) the lateral adsorbate-adsorbate interaction energy between two Kr atoms on g-
C, (ii): the average binding energy of a Kr atom on g-C, and (iii) the corrugation of Kr -
g-C interaction energy on the g-C surface. These three things can be determined
through two interaction energy calculations, the Kr - g-C interaction energy and the Kr -
Kr interaction energy on g-C.

To investigate these two interactions, we have to consider (i) what is the
interaction potential between a Kr adatom and the g-C substrate, ¢x;.c, (ii) what'is the
interaction potential between two Kr atoms on g-C, ¢kr-xr, (iii) how do we calculate the
interaction energies using ¢k..c and ¢k, and (iv) how reliable are these calculation
methods? As will be discussed in Sections C and D, ¢k;.c and ¢g;kr are Lennard-Jones
6-12 potentials. There will be a brief overview of the Lennard-Jones 6-12 potential in
Section B. In Section C, ¢gr.c will be discussed in detail. Section D will deal with ¢g;-
k- on g-C. The interaction energy calculation methods will be considered in Section E.
In Section F, the reliability of these calculation methods will be estimated by comparison
of interaction energies of Kr on graphite calculated using the methods in Section E to
previous calculations of these inieraction energies. The interaction energy calculation

results for Kr on g-C will be presented in Section G.
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B. The Lennard-Jones 6-12 potential

The typical form of Lennard-Jones 6-12 potential shown in Fig. 20(a) is given

¢.(r) = ,48[(95)12 - (%ﬂ (3.B.1)

where € and ¢ are constants.® The potential and its derivatives with respect to r are

by

shown in Fig. 20(b). The potential, ¢(r), is zero at a radius 6. The minimum in ¢(r),

found by setting ﬂ =0,is at
.. =2"0=11226. | (3.B.2)
_ 2 ‘
Let us also define the radial distance r, where %}- = (. Then, r. is given by
r

r=rg

¥ ' '
r, = (372) "6 = 1.2440. (3.B.3)

C. Kr-C-atom interaction potential on g-C

There is not enough experimental data presently available to determine the Kr-
C-atom interaction potential, ¢xrc, on g-C. In this thesis, a modified form of the Kr -
- C-atom interaction potential on graphite will be used for the ¢x;.c potential on g-C. This
approximation is based on the structural similarity of the C1120 model with graphite as
discussed in Section E. |

There have been many investigations of Kr physisorbed on graphite and there
are several different expressions for the interaction potential between a Kr adatom and a
C-atom of graphite.11:61 Calculations in this thesis will use the computationally simple
Lennard-Jones 6-12 pair-wise potential given by Crowell and Steele:11

6
Ogec(r) = —67.6 x 107 I:;lg - Q—zg)——r}—z] erg/Kr-C pair

= 43[(9)12 - (Eﬂ erg/Kr-C pair | 3.C.1)

I I
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FIG. 20. (a) Typical form of the Lennard-Jones 6-12 potential and (b) its derivatives.
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with 6 = 3.492 A and £ = 9.32x10-15 erg = 5.82 meV.

To verify the accuracy of this simplified expression for ¢px,.c(r), the interaction
energy between a Kr atom and graphite was calculated with a full pair-wise summation
using equation 3.c.1. (Details of the calculation are given in Section F.) Results of the
calculation for Kr on graphite are compared in Table VIII to much more sophisticated
extended calcuiations by Steele3 which included additional terms in the potential for gy.
c(r). Agreement between these two calculations is acceptable, in light of the many

additional approximation made in determining ¢k,c(r) for Kr on g-C.

D. Interaction potential between two Kr atoms on. g-C

The exact interaction potential between two Kr atoms on g-C is not known,
since the substrate modifies the interactions between Kr atoms. Fig. 21 shows
schematically how the substrate affects the interaction between two atoms on the
surface.62 McLachlan showed that the modified interaction energy is a function of the
polarizability of the adsorbate atoms and the imaginary part of dielectric constant of the

substrate.62 The author showed that at an imaginary frequency ® = i€, the interaction

energy between two atoms on a substrate is given by

W = - [Te{ o) - B, b;i€)- BE)- E(B, &:i6) e
(2zm)"

__(Zh_)ZT{Tr[a . E(Q,B) B- 13:(‘5,5)] + Tr[oc -E(3,b)-B- E(E,ﬁ)]}d§

a7 jTr[a E@,b)-B-Eb, a)]d& (3.D.1)

where a, b are polarizability tensors of the two atoms and E(F, ';i€) is the susceptibility

tensor of free space between T and 1. E is defined by

(T,75i8) = +( Elg }E(“ i), (3.D.2)

where ¢ is the dielectric constant of the substrate. The first term expresses the
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FIG. 21. The effect of the substrate on the interactions between adatoms. After ref. 62.
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interaction of Fig. 21(a), the second term describes the interactions of Figs. 21(a) and

(b), and the third corresponds the interaction of Fig. 21(d). The only difference
between the Kr - graphite physisorption system and the Kr - g-C system is in the
substrate. If the imaginary part of dielectric constant of g-C is approximafely equal to
that of graphite, then it is reasonable to use the interaction energy of Kr atoms on
graphite for that of Kr on g-C. -

Before discussing the experimental evidence which shows that the imaginary
part of dielectric constant of g-C is quiet close to that of graphite, let us consider the
basic reason why the dielectric constant of g-C should be close to that of g-C. The
dielectric constant, &, is defined by

g=1+4ny, (3.D.3)"
where y, is the electric susceptibility given by P= xeﬁﬁ?’ Here E is an external
electric field and P is the induced polarization of the medium due to E. Generally, ¢
and ), are second-rank tensors. For a given arrangement of specific constituent

molecules, y, will be determined by (i) the polarizability of an individual constituent

molecule, (i) the density of the medium, (iii) the type of bonding between the
constituent molequles, and (iv) the local structure of the medium. g-C and gréphite have
the same kind of constituent atoms (carbon atoms), and as a result they have same
polarizability of a C-atom. Furthermore, they have (i) similar densities, (ii) same type
of bonding (sp*> bonding), and (iii) similar local structures. As a consequence, it is
reasonable to expect that the dielectric constant of g-C will be approximately the same as
that of graphite. Therefore, the interactions of Kr atoms on g-C must be similar to those
of Kr on graphite.

Taft and Philipp®* performed measurements of optical properties of several a-
C’s, which have different sp? and sp3 bond ratios. In the measurements, they showed

that ness, the effective number of valence electrons per atom taking part in optical
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transitions, of these a-C samples approaches n.fr of graphite as the sp? bond ratio
increases. negr is defined by

@®m

n = const- [ e, (w)do, (3.D.4)
0

where ®, ®y, and &; are the frequency of photons, a parametric cut-off frequency, and
the imaginary part of dielectric constant, respectively. Fig. 22 shows the result of their
measurements, where the ratios of sp2 bonds of a-Cy, a-C,, a-Cs ,a-C4, and a-Cs are
56%, 44%, 30%, 25%, and 24%, respectively. Savvidest5 obtained an equivalent
results. The author performed the same measurements for the same a-C's as Taft's.
The results of the measurements were same as Taft's. Based on the above two
measurement results, it is evident that negr (and therefore €;) of a-C approaches to that of
graphite as the sp? bond ratio is increased. Since the sp2 bond ratio of our model of g-C
is 100%, the value of &, for our mbdel should be close to that of graphite. As a result,
dx: - ke for our model should be similar to that of graphite.

Gordon and Villain3 have determined the pair—wise adsorbate - adsorbate
potential between Kr atoms on graphite. Their potential is a Lennard-Jones 6-12
potential given by |

O (1) = 9.4437 X 10-14[(3. 60

12 6
) - (m) :l erg/Kr - Kr pair (3.D.5)
r r
where 6 = 3.60A and € = 2.361 x10-14 erg = 14.74 meV. This expression for Oy kr
will also be used for the Kr on g-C. The ¢ and € of free Kr atoms are 3.65 A and
2.25%10-14 erg , respectively.6 The differences between o and € of Kr atoms on

graphite and those of free Kr atoms are less than 5%. This reflects that the modification

of Kr - Kr interaction potentials that the approximation to use ¢x;.kr on graphite for ¢k

Kr on g-C is reasonable.
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graphite

a-C 1 (56%)
a-C 2 (44%)
a-C 3 (30%)

a-C 4 (25%)
a-C 5 (24%)

Photon Energy (eV)

FIG. 22. The effective number of valence electrons per atom, Det versus photon

energy for several a-C’s. The ratios of sp2 bonds of a-Cj, a-Cs, 2-C3 ,a-C4, and a-Cs

are 56%, 44%, 30%, 25%, and 24%, respectively. After ref. 64.
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E. Methods of interaction energy calculations
on graphitic amorphous carbon

1. Kr - Krinteraction energy calculation method
The Kr - Kr interaction potential for Kr on graphite given by equation 3.D.5 is

used in this thesis for Kr - Kr interaction potential for Kr on g-C. As a result, there is
no difference between the calculated Kr - Kr interaction energy for Kr on g-C and that

for Kr on graphite.

2. Kr - g-C interaction energy calculation method

The potential for the interaction between a Kr atom and a C-atom of both
graphite and g-C is given by equation 3.C.1. For the DMM, the interaction energy
between the central Kr atom and the DMM region will be obtained from a pair-wise
summation of the Kr - C-atom interactions using tﬁe discrete position information of the
C-atoms from our structural model. The interaction energy calculations for the central
Kr atom and particle density p(r) of the RDM and p, of the CMM will involve
integration instead of pair-wise summation. Section .E in chapter 2 detailed our
determination of the positions of the carbon atoms. The remaining information
necessary for this calculation is the positions of the central Kr atom (physisorption sites)
relative to the carbon substrate. |

The DMM is an ensemble of three ring clusters. Thus, studying Kr
physisorption at all sites for each three ring cluster would lead a complete investigation
of Kr physisorption on g-C. However, it is impractical to calculate the interaction
energy between the central Kr atom and g-C for all sites for each three ring cluster. We
limit our calculations to physisorption sites along the symmetric lines and intraplanar sp*
bénd branches of each three ring cluster as shown schematically in Fig. 23 for a 567
cluster. A three ring cluster is generally not exactly symmetric about either the

symmetric line of a ring or the intraplanar sp* bond branches. As a result, the minimum



64
or maximum interaction energy for the ring may not be located exactly on either the

symmetric line of the ring or the intraplanar sp* bond branches. However, each ring is |
exactly symmetric about its symfnetric line and the configuration of other C-atoms
belonging to other two rings are approximately symmetric about the symmetric line.

. Therefore, the minimum or maximum interaction energy physisorption sites should be
located close to the symmetric lines.

The parametric variation of the central Kr atom position can be divided in two
parts: (i) horizontal variation that is parallel to the plane of the rings in a three ring
cluster and (ii) vertical variation perpendicular to this plane. For a given three ring
cluster, we consider horizontal variation along three symmetric lines and three

intraplanar sp2 bond branches (refer to Fig. 23). The horizontal variation along the

symmetric lines of a ring is —1‘5, where r; is the radius of the circle circumscribing ith

polygon, where i=5, 6, or 7. The horizontal variation along the intraplanar sp*> bond

branches is -%, where a is the intfaplanar sp? bond length. Therefore, we consider 13

physisorption sites on each symmetric line and 7 on each intraplanar sp? bond branch,
respectively. The physisorption site just above the central C-atom is common for all
cases. Asaresult, 1+3x12+3 X6 or 45 physisorption sites will be considered for
each three ring cluster for a given height. For many three ring clusters, many of these
sites are equivalent. For example, only sites along one symmetry line and one
intraplanar sp2 bond branch need be considered for a 555 three ring cluster.

Thé vertical increment of the central Kr atom is 0.1A. The interaction energy is
calculated at each of the 45 physisorption sites as a function of height. The height is
incremented until the minimum interaction energy at each of the 45 physisorption sites is
found.

Once thé minimum Kr - g-C interaction energies for all physisorption sites of a

ring are found, the minimum and maximum Kr - g-C interaction energies over the ring
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FIG. 23. Physisorption sites on a 567 three ring cluster.
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surface are determined. The difference of these minimum and maximum Kr - g-C

interaction energies is the corrugation of the ring. Using the ring statistics and the
probability distribution of the three-ring cluster ensemble, the weighted average
minimum and maximum Kr - g-C interaction energies of Kr on g-C, and the

corrugation of g-C substrate are calculated.

F. Kr-graphite interaction energy calculation

To determine the accuracy of the Kr - g-C interaction energy calculations, Kr -
graphite interaction energies were calculated using ¢xr.c given by the equation 3.C.1
using three different methods: (i) a full summation of pair-wise interactions using the
exact coordinates of C-atoms in a full graphite lattice, (ii) calculations using the DMM,
RDM, and CMM for graphite, and (iii) calculations using the CMM of graphite alone.
A summary of the result is given in Table IX.
1. _Summation of pair-wise interaction energy

calculations (see Appendix 1)

The basis vectors of the 3D hexagonal lattice of graphite are (refer to Figs. 3 and

24)
a =bx, a,= b[cbs(g—)i + sin(%)?], and d, = —cZ. (3.F.1)

The coordinates of the four C-atoms in the graphite unit cell are

I 1, L\ - 1. ~ 2. - 1.
€ =0, 8 = —3—(a1 +3,), & = —2—a3,and 8 =38 +38, + 24, (3.F.2)

A summation of the exact pair-wise potentials for 33620 nearest C-atoms was
performed for 78 positions, including z- variation of the central Kr atom (see Appendix
1 and Fig. 24) using the Lennard-Jones 6-12 potential given in the equation 3.F.1 for
the Kr - graphite interaction energy. This number of C-atoms is large enough to obtain
an accurate Kr-graphite interaction energy. The minimum Kr-graphite interaction

energy for 74420 nearest C-atoms is different less than 0.001% from that for 33620



TABLE IX. Kr-graphite interaction energies determined by various methods.

Calculation
Method

calculation
by Steele 3

67

Extended

Full pair-wise
Lennard-Jones
calculation

DMM, RDM, and
CMM

CMM

Minimum Binding
Energy

(erg) x 10"

Ratio to Extended
Calculation Result
Ratio to Full Pair-
wise Calculation
Result

Maximum Binding
Energy (erg) x
10"

Ratio to Extended
Calculation Result
Ratio to Full Pair-
wise Calculation
Result
Corrugation

(erg) x 10"

Ratio to Extended
Calculation Result
Ratio to Full Pair-
wise Calculation
Result

-203.82

1.067

-191.38

1.032

7.14

1.276

-191.018

0.937

-185.416

0.969

5.602

0.784

-180.747

0.887

0.944

-173.009

0.904

0.933

7.738

1.084

1.381

-98.867

0.461

0.518




)

P x

|

O : Position of the central Kr atom

FIG. 24. Coordinates of Kr-graphite interaction energy calculations. The graphite in-
plane basis vectors a, and a, are shown. The unit cell is shaded. The dots indicate the
positions of the central Kr atom for the calculations of Section 3.F.1. The X’s indicate

the positions of the central Kr atom for the calculations of Section 3.F.2.
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nearest C-atoms. The horizontal variation of the central Kr atom were made along the y-

axis from the origin. The spacing between two successive horizontal physisorption

. a L. . . . .o
sites was ITh The vertical increment for each particular horizontal physisorption site

was 0.1A upward from 3.1A.

The minimum interaction energy was -192.018x10-15 erg/Kr atom and the
maximum was -185.416x10-15 erg/Kr atom. The corrugation (the difference between
minimum and maximum energies) was 5.602§< 10-15 erg/Kr atom. These calculated
values are about 94%, 97%, and 78% of values obtained with Steele's extended
interaction potential.3 The most favorable and the most unfavorable physisorption sites

were the center of the hexagon and just above a C-atom, as expected.

2 alculation of interaction energies using th

DMM. RDM. and CMM

For these calculation, graphite was divided into the first layer (the basal plane of

graphite) and bulk graphite in a manner similar to Fig. 19. Their separation was
adjusted to % The first layer was a combination of the DMM/RDM, and the CMM.

The bulk graphite used only the CMM. The surface density of the first layer CMM was
%po and the density of the bulk CMM was p,, where p is the average particle density

of graphite (0.113 atoms/A3). Calculations were done at only two sites (above the
central carbon atom at the origin and above the center of the hexagon) as indicated in
Fig. 24. For these two sits, there is no différence between the DMM and the RDM in
the interaction energy calculation (recall the RDF for crystal is comprised of a series of
peaks).

For calculation with the Kr atom above the central C-atom, up to sixth neighbors
(31 C-atoms) were included in DMM/RDM. The crossover from the DMM/RDM to the
CMM took place at R = 5.1A, which was determined using equation 2.E.2 with N =

31. The calculated interaction energy, above the central carbon atom at the most
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unfavorable physisorption site, was -173.043 x 10-15 erg/Kr atom, which is about 93%

of the interaction energy calculated in Section 3.F.1 using the same Lennard-Jones 6-12
potential and summation of pair-wise interaction potentials.

Now, consider the interaction energy when the central Kr atom is above the
center of a hexagon, the most favorable physisorption site on the basal plane of
graphite. The calculation method is exactly same as before, but the DMM/RDM of the
first layer included C-atoms up to only the third nearest neighbors from the center of the
hexagon (N = 24). The crossover from the DMM/RDM to the CMM took place at R =
4.488A. The calculated Kr - graphite interaction energy above the center of the hexagon
was -180.747x10-15 erg/Kr atofn, which is about 94% of the interaction energy
calculated in Section 3.F.1 at the most favorable physisorption site.

alculation of interaction energy with
MM (refer to Appendix 4 in detail
In this calculation, graphite was treated as a homogeneous and isotropic medium
with a constant particle density po, the average particle density of graphite. The
calculation was independent of the lateral position of the Kr adatom. The Kr - graphite
interaction energy using the CMM alone was -98.867x10-15 erg/Kr atom. This
corresponds 52% of the minimum interaction energy of the calculation in Section 3.F.1.
Therefore, the interaction energy calculation using the CMM alone is not sufficient.

Besides, this method cannot determine the corrugation of graphite.

4. Summary

The fesults of the Kr-graphite calculation are summarized in Table IX. Based on.
these calculation, we conclude that (i) dkr-c given in the equation is.sufﬁciently reliable
for our purpose, (ii) the interaction energy calculation using the DMM, RDM, and CMM
provides reasonably good results, and (iii) the interaction energy calculation using the

CMM alone is not adequate.
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G. Interaction energy calculation results on g-C

1. Kr- Krinteraction energy on g-C (refer to
Appendix 5 in detail

In this section we consider the structure of Kr atoms adsorbed on a flat uniform
density substrate, that is a substrate with no corrugation. (Discussion of the effects of
corrugation on the Kr adlayer structure are deferred to Chapter 4.) For such a substrate,
the most stable structure of the Kr adlayer is a 2D tﬁangular lattice with a lattice constant
of 4 A, similar to the incommensurate structure depicted in Fig. 1. Here, the nearest
neighbor distance 4 A is very close to the radial distance where the pair-wise Kr - Kr
interaction potential given by equation 3.D.3 has its minimum value at rypi;=4.04 A.
The attractive position of the interaction energy is maximized by an adlayer structure
with a maximum number of nearest neighbors at a distance ciose t0 I'min. For a 2D
structure, the maximufn number of such nearest neighbors is six in a triangular lattice.

We can calculate the interaction energy for one Kr adatom with the other Kr
atorhs in the 2D adlayer using a simple pair—wise summation, as was done in Section
F.1 for the Kr - graphite lattice interaction energy. The summation included pair-wise
interactions for nearest neighbors, which is quite sufficient for a potential falling off as

r6. The basis vectors of the 2D triangular lattice are

a,=bx, a,= b[cos(%)i + sin(g—)ﬁ] (3.G.1)

with only one atom per primitive unit cell, and where b is the nearest neighbor distance.
The results of these calculations, as a function of nearest neighbor distance b are listed
in Table X and plotted in Fig. 25.
2, Kr-g-C interaction ener Iculation resul

Using the Kr - g-C calculation methods described in Section E, interaétion
energy calculations were performed for every element (three ring cluster) of the DMM

ensemble. As an example, Appendix 4 shows the calculation along the symmetric line
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of the 5-membered ring of the 567-5 three ring cluster (refer to Fig. 23).

Mesh plots of the interaction energy projected on the x-y plane for each of the
fifteen types of the three ring clusters are shown in Fig. 26(a - 0). The height variations
of C-atoms of the three clusters along the z-axis are scaled appropriately.

Tables XI (a) and (b) show the maximum and minimum binding energies, and
the corrugation for both non-flat and flat three ring clusfers. The values for the non-flat
three ring clusters are the average values of the convex and concave three ring clusters.
Note that the corrugations of the non-flat structures are as much as a factor of 6 larger
than the corrugations of the flat structures. Table XII shows the contribution of each
type of ring found in the elements of the DMM ensemble to the total weighted average
minimum and maximum interaction energies and corrugation of Kr on g-C. For non-
flat three ring structures, the contributions are average values of the convex and concave
structures. The method used to calculate these weighting factors (based on ring
statistics and areas of the rings) is detailed in Appendix 2 and are tabulated in Tables
XVII and XVIII. The total weighted average values of the minimum and maximum
interaction energies and corrugation for Kr on g-C are also listed at the bottom of Table
XII. Table XIII shows the coordinates of the central Kr atom at the physisorption sites
corresponding to the minimum and maximum interaction energies. In this table, the
direction of x-axis for each cases is listed. By using the coordinates of C-atoms in
Table IV and appropriate rotation about z-axis, the position of the central Kr atom
relative to the C-atoms of the three clusters can be determined [also, refer to Fig. 26(a -
0)]. Table XIV shows the weighted average binding energy of Kr on each DMM
~ ensemble element and the weighted average binding energy of Kr on g-C. In Table
X1V, the average of the binding energy surface of each mesh plot in Fig. 26(a -0) was
used as the weighted average binding energy of each three ring cluster. Then, by using

the probability distribution of the three ring clusters, the weighted average binding
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Table X. Interaction energy of a single Kr atom with a 2D triangular lattice of Kr atoms

as a function of the nearest neighbor distance b.

b (A) Interaction b A) Interaction b (A) Interaction

Energy Energy Energy
(erg) x 10 (erg) x 10 (erg) x 10™
3.1 193.745 5.1 -6.580 7.1 -1.007
3.2 111.193 5.2 -5.941 7.2 -0.927
3.3 50752 5.3 5366 1.3 . .0.854
3.4 27.848 5.4 -4.849 7.4 -0.788
3.5 8284 5.5 4384 15 -0.728
3.6 3.455 5.6 -3.967 7.6 -0.673
3.7 -10.231 5.7 -3.593 7.7 -0.623
3.8 -13.866 5.8 -3.257 7.8 -0.577
3.9 15528 5.9 -2.956 7.9 -0.535
4.0 -15.969 6.0 -2.686 8.0 -0.496
4.1 -15.673 6.1 -2.443 8.1 -0.461
4.2 -14952 6.2 -2.224 8.2 -0.428
4.3 -14.004 6.3 -2.027 8.3 -0.398
4.4 -12955 6.4 -1.850 8.4 -0.371
4.5 -11.884 6.5 -1.691 8.5 -0.346
4.6 -10.838 6.6 ©-1.546 8.6 -0.322
4.7 9.845 6.7 -1.416 8.7 -0.301
4.8 8918 6.8 -1.298 8.8 -0.281
4.9 -8.065 6.9 -1.191 8.9 -0.263

5.0 -7.287 7.0 -1.095 9.0 -0.246
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FIG. 25. Graph of the interaction energy of a single Kr atom with a 2D triangular

lattice of Kr atoms as a function of the nearest neighbor distance b.
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flat three ring clusters; “c” indicates concave and “v”’ denotes convex.
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TABLE XI, Minimum and maximum binding energies and corrugations for three ring

clusters. Upiy and Upax indicate minimum and maximum binding energy per Kr atom,

respectively.

(a) Non-flat three ring clusters. The values are the average values of the convex and

concave three ring clusters.

Combination of Unmnin Umax ' Corrugation
ring clusters (erg) x 10 (erg) x 1015, (erg) x 10"
555-5 -175.541 -114.876 60.666
556-5 -190.254 -115.271 74.984
556-6 -197.290 -115.880 1 81.410
557-5 -185.959 -121.810 57.184
557-7 -208.445 -122.973 85.473
566-5 -185.180 -140.205 44.975
566-6 -193.555 -131.684 61.872
567-5 -174.197 _ -144.324 29.873
567-6 - -182.854 -140.036 42.818
567-7 -189.349 -136.427 52.922

Weighted Average -188.960 -133.758 55.202




(b) Flat three ring clusters.

Combination of Unmin Unax Corrugation
ring clusters (erg) x 107 (erg) x 10 (erg) x 10°
577-5 -157.450 -150.671 6.779
577-7 -174.133 -154.865 19.268
666-6 -164.876 -158.915 5.961
667-6 -162.728 -157.172 5.556
667-7 -175.059 -158.878 16.181
677-6 - -159.474 -153.945 5.529
677-7 ’ -170.540 -155.561 14.979
777-7 -167.503 -156.240 11.263
Weighted Average -166.502 -157.617 8.887

energy of Kr on g-C was calculated.

The contribution of the DMM to the total binding energy of Kr on g-C is broadly
30% ~ 50% and that of the RDM and CMM combination is 50% ~ 70%. In the DMM,
the contribution of the C-atom at the center of the DMM to the total binding energy of Kr
on g-C is about 3% to 7%. The Kr - g-C calculation in Appendix 6 shows that the
contributions of the éentral C-atom, the DMM and the RDM and CMM combination are
5.4%, 35.8%, and 64.2%, respectively.



. 85
Table XII. The contribution of each three ring cluster to the total weighted average

minimum and maximum interaction energies and corrugations.

Combination of Contribution to Contribution to Contribution to

ring clusters Unmin Unax Corrugation
555-5 0.9 0.8 1.8
556-5 5.2 3.9 11.3
555-6 3.4 ‘ 2.4 7.7
557-5 1.6 1.4 2.7
557-7 1.4 1.0 3.1
566-5 ’ 6.5 . 6.0 8.7
566-6 17.2 ~14.3 30.3
567-5 3.9 3.9 : 3.7
567-6 5.2 4.8 6.6
567-7 6.4 5.6 9.9
577-5. 0.6 0.7 0.1
577-7 1.9 2.0 1.1
666-6 ' 18.9 223 _ 3.8
667-6 11.9 14 2.2
667-7 7.7 - 8.5 39
677-6 1.9 2.2 0.4
677-7 4.8 5.3 2.3
7717 0.8 0.9 0.3

Total Weighted Unin Upax Corrugation

Average (erg) x 10 (erg) x 10" (erg) x 10%°

-177.385 _-145.199 32.186
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TABLE XIII. Coordinates of .the central Kr atom at the physisorption sites

corresponding to the minimum and maximum interaction energies. The notation
following the coordinates of the Kr atom indicates the direction of x-axis; “- §” indicates
the direction of the symmetry line of the corresponding ring lying in xz- plane and “-
i&j” means the intraplanar sp? bond branch between i- and j-membered rings lying in

the xz-plane.

(a) Convex three ring clusters.

Combination of Coordinates of Kr atom Coordinates of Kr atom

three ring clusters for minimum for maximum

binding energies binding energies
5555 (3.352, 0, 3.4) - s 0,0, 4.8) - s
556-5 (3.873,0,3.6) - s ©,0,5.2) -5
556-6 ((3.624,0,3.5) - s 0,0,52)-s
557-5 (3.571,0,39) - s ©,0,52)-s
557-7 (3.708,0,3.5) - s ©,0,5.2) -s
566-5 (3.469,0,3.6) - s ©,0,4.7) -5
566-6 - (3.624,0,3.5)-s 0,0,4.7) - s
567-5 (3.018,0,3.8) - s 0, 0,4.3) -s
567-6 (3.527, 0, 3.6) - s 0,0,43) -5

567-7 (2.97,0,3.6) - s 0,0,4.3) -s




(b) Concave three ring clusters.
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Combination of

three ring clusters

Coordinates of Kr atom
for minimum

binding energies

Coordinates of Kr atom
for maximum

binding energies

555-5
556-5
556-6
557-5
557-7
566-5
566-6
567-5
567-6
567-7

0,0,32)-s
(0.215,0,2.6)-5 &5
(-0.361,0,2.6) - s
(0.279,0,2.4) -5 &5
(-0.222,0,2.4) - s
(0.066, 0, 2.8) - s

(-0.085, 0, 2.8) - 6&6

(-0.153, 0, 2.9) - 5&6
(0.323, 0, 2.9) - 6&7
(0.202,0,2.9) - s

(1.586,0,3.5)-5&5
(-1.172,0,32) -5 &5
(-3.026,0,3.1) - s
(-0.81,0,2.9)-5 &5
(3,0,-2.51)-s
(-1.295,0,3) - s
(1.198,0,3.2) - s
(1.75,0,3.1) - s

(2.027,0,3.3) -
(2.33,0,3.4) - s




(c) Flat three ring clusters.

Combination of

three ring clusters

Coordinates of Kr atom
for minimum

binding energies

88

Coordinates of Kr atom
for maximum

binding energies

577-5
577-7
666-6
667-6
667-7
677-6
677-7
777-7

©,0,3.5) - s
(1.192,0, 3.4) - s
(1421, 0, 3.5) - s
(1421, 0, 3.5) - s
(1.639, 0, 3.4) - s
(1421, 0,3.5) - s
(1.192, 0, 3.4) - s
(1.192, 0, 3.5) - s

(2.016, 0, 3.5) -
(0,0,3.5) - s
(2.842,0, 3.5) - s
(1.421, 0, 3.5) - 6&6
(0, 0, 3.5) - 6&7
(2.842, 0, 3.5) - s
(0, 0, 3.5) - 6&7
(1.421, 0, 3.5) - 7&7
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TABLE XIV. The weighted average binding energy of Kr on each DMM ensemble

element and the weighted average binding energy of Kr on g-C. The notations
following the three ring cluster notations.( "-¢" and "-v") indicate concave and convex

three ring clusters, respectively.

Three Ring Cluster Weighted Average  Three Ring Cluster  Weighted Average

Binding Energy Binding Energy
erg x 1015 erg x 1015

555-c -159 £3.69 567-c -189 £9.27
555-v -139 +£20.4 567-v -137 £ 13.2
556-c -181 £ 10.5 - 577 | -161 +5.58
556-v -122+£22 666 -162+1.12
557 . -199+12.9 667 -162+ 3.4
557-v -119 £ 23.1 677 -160 +3.58

- 566-c - -191+9:16 777 -161 £2.49
566-v -130 + 17.9 |

Weighted Average Binding Energy of = -160.605 £ 7.900

Kron g-C erg x 1015
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CHAPTER 4

DISCUSSION: Kr ON GRAPHITIC AMORPHOUS CARBON

Let us consider separately (i) the results of the Kr- g-C interaction energy
calculation using our structural model of g-C, (ii) the prediction of the structures of Kr
adlayers on g-C, and (iii) the limitations of our model of g-C.

A. Discussion about Kr-g-C interaction
energy calculation

The total weighted average minimum binding energy of Kr on a g-C substrate is
-177.39x10-15 erg/Kr atom. This is 93% of the minirﬁum binding energy of Kr on the
basal plane of graphite, -191.38 x 10-15 erg/Kr atom using the same Lennard-Jones 6-12
interaction potentials. The total weighted average maximum binding energy of Kr on g-
C, -145.20x10-15 erg/Kr atom, is 78% of the maximum binding energy of Kr on the
basal plane of graphite. Refer to Tables IX and XI for a comparison of these values.
Therefore, we can expect that Kr atoms will physisorb on g-C, since binding energies ‘
of Kr on g-C are comparable (though perhaps somewhat less .than) on average than the
binding energies of Kr on graphite. Also, there are many dented parts (favorable
physisorption sites) on a g-C substrate. These suggest physisorption of Kr on g-C will
occur over a similar temperature range as for Kr on graphite (refer to the phase diagram
in Fig. 2).

The corrugation of Kr on g-C is significantly larger than that of Kr on graphite.
Based on the values in Table XI, its corrugation is about 6 times greater than that of Kr
on the basal plane of graphite. We conclude that the wrinkling of g-C surface is
primarily responsible for this great increase in corrugation. Three facts point to this
conclusion: (i) the large coptribution of non-flat (convex and concave) three ring clusters
to the total weighted average corrugation, (ii) the relation between corrugations of rings

in con\}ex three ring clusters and their ring angles [defined in Fig. 27(a)], and (iii) the
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relation between corrugations of rings in concave three ring clusters and their depths

[defined in Fig. 27(b)].

First, consider the overwhelming contribution to the weighted average
corrugation from the non-flat three ring clusters. About 86% of the total weighted
average corrugation of the g-C substrate comes from non-flat three ring clusters. In
fact, only 6 of the 18 types of rings considered in three ring clusters (556-5, 556-6,
566-5, 566-6, 567-6 and 567-7) contribute 75% of the weight to the weighted average
corrugation. However, all of the non-flat three ring clusters account for only 49% of
the three ring cluster probability distribution; the six non-flat three ring clusters with the
largest contribution account for only 41% of the probability distribution. By contrast,
the contributions of non-flat three ring clusters to the total weighted average minimum
and maximum binding energies (52% and 44%, respectively) are reasonably consistent
with their probability distributions. Large corrugation is a specific characteristic of the
non-flat three ring clusters. Based on this, we can assert that the wrinkling of substrate
plays a dominating role in its corrugation.

The ring angle, defined for convex three ring clusters in Fig. 27(a), is a measure
of how much the substrate is wrinkled. Table XV (a) lists the ring angle for each convex
three ring cluster. Fig. 28(a) shows the relation between the ring angles and the
Vcorrugations for 5-, 6-, and 7-membered rings in convex three ring clusters separately.
From Fig. 28(a), ‘we can conclude that the corrugation is approximately linearly
proportional to the convex three ring cluster ring angle. Table XVI(a) lists their
correlations.43 |

Note that the slopes of these three curves increase with increasing number of C-
atoms in the ring. We can obtain a universal curve [Fig. 29(a)] by plotting ring angle
versus corrugation energy per ring atom. The correlation coefficient for Fig. 29(a)

(0.985) is significantly greater t han the correlation coefficient for corrugation versus
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convex three
ring cluster

y 0 : ring angle

0

(b)

- N

ring
depth

concave three
ring cluster

FIG. 27. (a) Definition of ring angle in a convex three ring cluster and (b) definition of

ring depth in a concave three ring cluster.



TABLE XV. (a) Ring angle of each convex ring cluster.

Convex Ring Ring Angle  Convex Ring Ring Angle

Cluster ") Cluster ()
555-5 20.848 566-5 11.604
556-5 16.676 566-6 11.605
556-6 16.677 567-5 6.096
557-5 13.089 567-6 6.097
557-7 13.09 567-7 6.097

(b) Ring depth of each concave ring cluster.

Concave Ring depth  Concave Ring depth

Ring Cluster (A) Ring Cluster (&)

555-5 0.378 566-5 0.471
556-5 - 0.761 566-6 0.471
556-6 0.761 567-5 0.358
557-5 0.819 567-6 0.358

557-7 0.819 567-7 0.358
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FIG. 28. (a) The corrugation of Kr on g-C versus the convex ring cluster angle, and

(b) the corrugation of Kr on g-C versus concave ring cluster depth.
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TABLE XVI. (2) The relation between corrugation and ring angle for convex three ring

clusters.

5-membered Rings 6-membered Rings  7-membered Rings

Slope of the Graph of  4.542 5.86 7.409
Corrugation vs. Ring |

Angles

(erg/degree x1015)

Correlation -0.983 0.999 | 0.998

Coefficient66

(b) The relation between corrugation and ring depth for concave three ring clusters.

5-membered Rings 6-membered Rings 7-membered Rings

Slope of the Graph of  65.651 71.276 74.733
Corrugation vs. Ring »

Depthb

(erg/A x107)

Correlation 0.968 0974 0.954

Coefficient66
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FIG. 29. (a) The universal relation between corrugation per C-atom of Kr on g-Cand

the convex ring cluster angle, (b) the universal relation between corrugation of Kr on g-
C and the convex ring cluster angle, (¢) the universal relation between corrugation of Kr
on g-C and concave ring cluster depth, and (d) the universal relation between

“corrugation per C-atom of Kr on g-C and concave ring cluster depth.
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ring angle for all sized rings together (0.929) shown in Fig. 29(b) and is comparable

with those for the separate curves in Fig. 28(a). Thus, this analysis confirms that the
corrugation of convex three ring clﬁsters is proportional to the number of C-atoms in the
ring. This means that the magnitude of corrugation on a ring of a convex three ring
cluster is also linearly proportional to the number of C-atoms of the ring. Put another
way, the corrugation per ring angle per C-atom is constant for convex three ring
clusters. From this relation between the corrugation and the convex three ring cluster
ring angles,'we can again conclude that the wrinkling of substrates is an important factor
in determining the corrugations of the substrates. (Note that this conclusion has been
verified only over ring angles from 0° to 20° and for 5-, 6-, and 7-membered rings.)

For concave three ring clusters, the corrugations is better correlated with ring
depth, which is defined in Fig. 27(b), than ring angle. The ring depth is also a measure
.of the degreé of wrinkling of the substrates. Fig. 28(b) shows this relation between the
ring depth and corrugatiori for 5-, 6-, and 7-membered rings in concave three ring
clusters separately. Like the convex three ring clusters, concave three ring clusters also
have an approximately linear relétionship between corrugation and the number of C-
atoms in the ring. Fig. 29(c) shows the universal curve obtained by plotting ring dépth
versus corrugation per ring atom. The correlation coefficient for Fig. 29(c) (0.962) is
significantly greater than the correlation coefficient for corrugation versus ring depth for
all sized rings together (0.933) shown in Fig. 29(d) and is comparable with those for
the separate curves in Fig. 28(b). Thus, this analysis confirms that the corrugation of
concave three ring clusters is proportional to the number of C-atoms in the ring. As a
consequence, we can say that corrugation per ring depth per C-atom is constant in
concave three ring clusters, similarly to our finding for convex ring clusters.

Next, consider the most favorable physisorption sites. For convex or concave

ring clusters, the most favorable physisorption sites occurred just above dented parts of
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the g-C surface. We can understand this characteristic as follows. Consider a Kr atom

and several free C-atoms. If the interaction potential between the Kr atom and a C-atom
is given by ¢k:.c and if there is no interaction between C-atoms, then the C-atoms will
be located on the surface of a sphere with radius 3.92A, the radial distance where OKr-C
is a minimum (see equations 3.B.2 and 3.C.1). Because g-C is a solid substrate, the
interactions between C-atoms minimally affect the structure of a given g-C. To
determine the position of the po;c;ition of a Kr adatom on g-C, we can neglect the
interactions between C-atoms of g-C in compari§0n with ¢x;.c. Thus, the above
assumption is reasonable when we consider the interactions for a Kr atom and the g-C
system. A dented substrate structure is more similar to this sphere than a flat or a
convex substrate structure (effectively has more nearest neighbors); hence physisorption
sites on such dented, concave regions are more favorable.

The weighted average most‘ stable physisorption height for Kr on convex ring
clusters, which is the weighted average using the probability distribution of the convex
three ring clusters, is 3.56 A. This is about 0.13 A higher than for physisorption at the
most favorable sites on the basal plane of graphite. The weighted average most stable
physisorption height on concave ring clusters is 3.8 A, significantly larger than on
convex ring clusters. For certain physisorption sites on a dented part of g-C, the closest
C-atom from the Kr atom may not be the C-atom (A in Fig. 30) at the center of the
dented substrate. For exarnple,v the distance between the Kr atom and B in Fig. 30 can
be shorter or comparable to that between the Kr atom and A. Since & of Ok;.c is 3.49
A, if the physisorption height is about 3.43 A (which is the most stable physisorption
height for Kr at the most favorable sites on the basal plane of graphite) on a dented part
of g-C, then there can be large repulsive forces between not only the Kr adatom and the
C-atom at A but also between the Kr adatom and the C-atoms at B, B', and other similar

positions. As a result, the number of C-atoms that contribute to the repulsive forces on
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FIG. 30. Definition of physisorption height on a typical dented region of g-C.
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the Kr atom can be more than contribute in a flat or a convex part of g-C. To reduce this

repulsive forces, the physisorption height must be increased.

For flat ring clusters, the rﬁost favorable physisorption sites are located nearly
above the center of the rings, except for 5-membered rings. In recalling that the most
favorable physisorption sites for the basal plane of graphite are located above the centers
of the hexagonal rings, this seems quite reasonable.

On a 5-membered ring, the most favorable physisorption site is located almost
above the central C-atom. This can be understood by considering the geometry of the
three ring clusters. (Because the RDM and CMM of the first layer and bulk g-C are
symmetric about the center of the DMM, we need only consider the DMM.) Because 5-
membered rings have fewer C-atoms than 6-, or 7-membered rings, the attractive forces
are less than for 6- or 7-membered rings when the S-membered rings are located at the
6- or 7-membered ring positions. As a consequence, the most favorable physisorption
sites on 5-membered rings shifts from the ring center to the center of the DMM. An
alternate explanation is based on the size of a 5-membered ring. The radius of the circle
circumscribing a regular pentagon with side 1.42 A is only 1.208 A. The reyy, (ie., the
effective size of the Kr atom) of ¢k; . cis 3.92 A. If a Kr atom is just above the center
of a 5-membered ring, then the physisorption height should be larger than 3.72 A for
the C-atoms of the 5-membered ring not to repulse the Kr atom, based on simple ball-
and-stick geometry and the effective radii of the atoms. Practically, we find from our
interaction energy calculations that favorable physisorption heights are greater than
3.721 A. As a result, there are repulsive forces between the Kr atom and the C-atoms
of the 5-membered ring and attractive forces between the Kr atom and the rest of the C-
atoms of a three ring cluster. Therefore, the most stable physisorption site on a 5-
membered ring shifts from the 5-membered ring center to the center of the three ring

cluster. This arguments also explain why the most favorable physisorption sites on 7-
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membered rings are shifted outward a little from the ring center.

B. Prediction of the structures of Kr adlayers

First, let us discuss the structure of a Kr adiayer for two extreme cases: (i) when
the number of Kr adatoms is much less thén the number needed to complete a full
adlayer and (ii) when the number of Kr adatoms is sufficient to complete a full adlayer.

When the number of Kr adatoms is small, the huge corrugation of g-C will
dominate the interactions between Kr adatoms. The magnitude of the minimum in ¢gr g;
(2.36x10-14 erg/Kr-Kr pair) is less than the weighted average corrugation of g-C
(3.22x10-14 erg) and is much less than the largest corrugations for the 556-6
(8.1x10-14 erg) and 557-7 (8.5 x10-14 erg) combinations. Therefore, the positions of
the Kr atoms are determined by the corrugation of g-C in the low density limit. The Kr
adatoms will physisorb preferentially on the most favorable physisorption sites (dented
parts of the g-C su&ace), until all these sites are filed or until the density of Kr atoms
increases to such a point that several Kr - Kr paifs are contributing significantly to the
attractive Kr -Kr potential. |

By contrast, when the Kr coverage reaches full adlayer coverage, the structure is
determined by the interactions between Kr adatoms. In a 2D triangular lattice, many
atoms (including six nearest neighbors, six next nearest neighbors, etc.) contribute to
the attractive part of the Kr -Kr interaction potential. From Table X and Fig. 25, we can
see that the net attraction of the triangular lattice exceeds the corrugation of even the
most favorable sites for the nearest-neighbor spacings from 4.8 A (corresponding to a
coverage of 0 = 0.7 full monolayers) to 3.7 A (8 = 1.2 full monolayers). (Recall, full
monolayer coverage occurs at a nearest-neighbor spacing of 4 A.) This suggests that
the interactions between Kr adatoms dominate the corrugation of g-C and govern the

structure of the Kr adlayer from about 8 = 0.7 full monolayers to above full monolayer

coverage.
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At first, this appears to contradict the observation that Kr on graphite is

commensurate at full adlayer coverage, despite the fact that the corrugation is less on
graphite than on g-C. However, an important distinction between adsorption on g-C
and the basal plane of graphite is that the most favorable physisorption sites of g-C are
randomly distributed on the surface of g-C. If the number of Kr adatoms is large so that
Kr adatoms are located not orﬂy on the most favorable physisorption sites but also on
many less favorable sites, then shifting the Kr adatoms in a 2D triangular lattice as a
whole across the g-C surface will not make an appreciable change in the binding energy
of fhe entire Kr adlayer. That is, if the number of Kr adatoms is large enough, then
corrugation does not appreciably affect the binding energy of adlayer.

It is important to recognize that the corrugation may still have an effect on the
local structure of the 2D triangular lattice of the completed adlayer. The most favorable
sites may act to pin the lattice locally. Frustration, due to competing pinﬁing of the
lattice by nearby most favorable sites, may also cause local distortions or defects in the
lattice. The relatively shallow minimum, 15.0x10-14 erg, in Fig. 25, in comparison
with the corrugation of the most favorable sites (i.e., 10.3x10-14 erg for the 556-6
convex ring or the 557-7 convex ring), allows significant distortion in nearest neigﬁbor
bond lengths with for relatively small costs in energy. Since perhaps one in five or ten
sites may have large corrugation, the density of these distortion, should be quite high,
having a major impact on of the structure of the “lattice.”

Now, let us consider a case when a few Kr adatoms are removed from the
completed adlayer. We know from the discussion in Section G in chapter 3, that for a
substrate with no corrugation the removal of Kr adatoms will result in a similar 2D
triangular lattice adlayer structure with decreased density and increased nearest-neighbor
distance. Based én the discussion in the paragraphs above, it is reasonable to expect

similar behavior when the g-C corrugation is considered, at least for removal of modest
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numbers of Kr adatoms such that the resulting Kr adatom - Kr adlayer interactions are

still larger than the g-C corrugation. We can predict quantitatively how long the 2D
triangular lattice will be maintained, as we successively remove Kr adatoms from the
full adlayer. Let us suppose that there are N Kr adatoms in the full monolayer with
nearest-neighbor distance b = 4 A, the radial distance for the minimum in Fig. 25. By

removing AN Kr adatoms from the full monolayer, the average area per Kr adatom in

- N .
the adlayer is increased by NoAN which corresponds the coverage decrease by

_N-AN

0 , and the nearest-neighbor distance is increased by ’ N NAN . From our

results in Section G in chapter 3 (see Table X), we can calculate how much the
interaction energy of a Kr adatpm with the rest of the Kr adlayer is decreased by this
process. If the decreased Kr adatom - Kr adlayer interaction energy is still greater than
the 'corru'gation, then the structure of the 2D triangular lattice will be more or less
maintained. However, if the corrugation is greater, then the Kr adlayer will no longer
resemble a 2D triangular lattice. Based on this admittedly simplified analysis, we would
expect a cross-over from one adlayer behavior to the other to occur at a nearest-neighbor

spacing of about 4.8 A, which corresponds to coverage of 8 = 0.7 full monolayers.

C. Limitation of the model of g-C . A

The primar); source of uncertainty in the Kr - g-C interaction energy calculations
in this thesis is the inadequacy of the structural model of g-C. We outline below the |
shortcomings of the model and suggest ways in which portions of these problems with
the model might be corrected. |

First, we expect we have overestimated the wrinkling of the g-C surface. The
variation in height for the convex or concave three ring clusters ranges from 0.762 A to
1.325 A. Al-though the weighted height variation of all three ring clusters (0.552 A)is

in the range of <1 A estimated from surface structure measurements (refer to Section
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D.3 in chapter 2), the height variation of our model is still too high over the lateral

dimensions (< 8.4 A2). We identify several factors, which have not been fully
considered in our structural model of g-C, which argue for a substantial reduction of the
wrinkling in our model.

The interaction between m—orbitals reduces the wrinkling of the surface of g-

C.16 This repulsion between T—bonds comes from the exchange interaction resulting
from the overlapping of the orbitals. Minimum overlap occurs when the T—bonds are
parallel, and is proportional to -cos$, where ¢ is the dihedral angle along the t-bond.
Therefofe, the m—bond energy is minimized when all the m—orbitals are aligned with
¢=0. As a result, n-bondings provide a strong constraint to a surface of g-C to reduce
its wrinkling.

A wide variation of the intraplanar bond angle also reduces the wrinkling of the
surface of g-C. The C1120 structural model has a continuous bond angle distribution
with a width of £5°.29 However, the non-flat three ring clusters models consider in this
thesis, which caused the vast majority of the wrinkling in oﬁr model, employ only three
different angles for regular pentagons, hexagons, and heptagons.

As mentioned, in some structural model the sp3 bonded C-atoms cement the
quasi-planar rafts of g-C.19:21 Because an sp? bond has non-directional four-fold
bonding, the sp3 bonded C-atoms, even though their number is small (the portion of sp3
sites in g-C is less than 15%), effectively protect for the quasi-planar rafts from having
dangling or truncated bonds. In this work we have not considered dangling bonds or
raft edges, both of which could produce preferred physisorption sites with large binding

_energies. Further, the presence of an additional bond can act to reduce stress in the
carbon network and lead to smoother surface for g-C.
As long as the wrinkling of g-C is an important factor in determining the

corrugation of the substrate, it is essential to model this aspect to more accurately reflect .
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the true structure of g-C. To improve the structural model, it should contain some sp3

bonded C-atoms and should allow an appropriate distribution of bond angles as well as
bond lengths based on the force constants of graphite (refer to Table V). However,
these improvements will drastically increase the number of elements to consider in the
DMM ensemble. Furthermore, a wide bond angle distribution will make the calculation
of the three ring probability distribution for each element of the DMM ensemble
substantially more difficult and cambersome.

Another serious limitation ;)f the structural model is that the size of the DMM is
too small to produce accurate results for the Kr - g-C interaction energy calculations.
Wheh the central Kr atom is near the center of the DMM, there is little problem in the
calculation, as discussed in Section E of Chapter 2. However, as the central Kr atom
approaches to the edge of the DMM, the distance between the central Kr atom and the
front part of the DMM of the first layer is too short to satisfy the conditions in Section E
of chapter 2. Furthermore, since the RDM does not incorporate wrinkling of the
surface, the calculations of the corrugation at physisorption sites near the crossover
between the RDM and the DMM cannot be as accurate as those near the center of the
DMM. For example, in the 666 three ring cluster, the center of the three ring cluster is
practically equivalent to the physisorption site at thé edge of the cluster. In the binding
‘energy calculation, the minimum binding energy of Kr at the center of the 666 three ring
cluster is -160.986x10-15 erg and that at the edge of the 666 three ring cluster is
-158.915x10-15 erg. Thus, the discrepancy between them is 2.053x10-15 erg, and
this corresponds to 1.3% of the minimum binding energy at the center of the 666 three
ring cluster. However, this discrepancy is 34% of the corrugation of the 666 three ring
clﬁster, and is nor negligible to the corrugation.

To remedy this limitation, the DMM portion of the g-C model should contain

larger ring clusters. However, this will also drastically increase the number of elements
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in the DMM ensemble. To add one additional set of rings around the perimeter of the

three ring clusters, which would ;equire from 6 to 12 rings, increases the number of
elements in the DMM ensemble from 35 to 110 if we consider flat ring clusters only. If
we consider the wrinkling of the ring clusters, the number of DMM elements will be
increased drastically. This is a daunting computational challenge.

When we made the model for g-C, the fundamental assumption was that the Kr -
Kr and Kr - C-atom interactions on g-C were the same as those on the basal plane of
graphite. To obtain more accurate calculation results, the effects of the g-C substrate to
the Kr-Kr interaction should be studied on various kinds of g-C’s experimentally. Kr-C
interactions also be investigated experimentally. This thesis calculation can be used for
other inert gas adsorbates, if we use appropriate adsorbate-adsorbate and the adsorbate-
substrate interaction potential parameter ¢ and €. If we can obtain more realistic values
for Kr-Kr interactions and Kr - C-atom interactions on g-C, then based on the relations
between these interactions and tﬁe corresponding interactions on the basal plane of
graphite, we can better estimate the adsorbate-adsorbate and the adsorbate-substrate

interaction potentials of any inert gas adsorbate on g-C.
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CHAPTER 5

CONCLUSIONS

The primary objectives of this thesis research were to address the following
three questions: (i) Will Kr adlayers form on g-C; (ii) What will their structures be; and
(iii) How will the structures of the adlayers of Kr on g-C differ from structure of
corresponding adlayers on graphite? We conclude this thesis by considering the
answers for these three questions.

Let us consider the first question. The average minimum and maximum binding
energies of Kr on g-C were determined to be 93% and 78% of those on graphite,
respectively. In addition, a significant density of sites with much larger binding
energies was identified on g-C. So, Kr adlayers will definitely form on g-C.

- As we looked into the predicted structure of Kr adlayers on g-C in Section B of
chapter 4, we found that the wrinkling of the g-C surface governs the structure of a Kr
adlayer on g-C when the number of Kr atoms in the Kr adlayer is small. In this limiting
case, Kr atoms will preferentially physisorb on the large binding energy sites of the
dented parts of g-C only. As the number of Kr atoms in the Kr adlayer is increased, Kr
atoms physisorbed on the dented parts of g-C will shift because the effect of the Kr-Kr
interactions increases as the density of Kr adatoms increases. If the criteria, discussed
in Section B of chapter 4, are satisfied, then Kr at higher coverage adlayers will develop
into a 2D triangular lattice structure.

Finally, let us consider the last question. On g-C substrate, the topology of g-C
(e.g., its wrinkling) is a more important factor iﬁ determining the structure of the Kr
adlayer than the position of C-.atoms within a ring. On the basal plane of graphite,
corrugation is determined by the relative position of the C-atoms of a ring to the central
Kr atom. On a g-C substrate, wrinkling dominates the relative position difference of C-

atoms. Therefore, we can say that there is no direct relation between Kr adlayers on the
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basal plane of graphite and those on a g-C substrate because the wrinkling of substrates

is a property specific to g-C. In addition, the corrugation of g-C is much larger than that
of the basal plane of graphite.

In conclusion, the study of the physisorption of inert gas adsorbates on g-C is
not simply an extension of the physisorption of the inert gases on the basal plane of
graphite, but can be expected (based on this research) to exhibit novel and intriguing

properties driven by the structural properties of the amorphous carbon substrate.
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The correlation between two variables p and q is defined by Ref.[66]

3(p;-7)(a; - 9)

1

2(p; ‘5)'22(‘11 _q)z |

i i

correlation(p,q) = \/

In this correlation function, we can get the linearity between p and q. If their relation is

perfectly linear, then the absolute value of their correlation will be one. If they do not have
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any relation, then their correlation will be zero.
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APPENDIX 1: CALCULATION OF INTERACTION ENERGY BETWEEN Kr
AND GRAPHITE ALONG THE SYMMETRIC LINE OF A
HEXAGON
ORIGIN=1 A=10"10m
Lattice constants of a unit cell of graphite: a,:=24638  c,:=6.7144
: a
Intraplanar sp? bond length: a:= -J—f a=1422 A
3
a ,cos (E) Y
Basis vectors of ' 20 03 a3 :=
representing the positions al=1{9 a2:= L[z )
graphite unit cells: 0 aosm (3- “Co
0
2.463 1.232 0
al={o0 A a2={2133]A a3 = A
. \o 0 6.714
Coordinates of the 0 t 5 2 I
C-atoms in a unit cell el ={0] e2:= §-a1 + §-a2 e3 = 5'33 e4 = -§--al + §~a2 + §-a3
of graphite: 0
0 1.232 (4] 2.463
el={0] A e=[0711|A e={0 |A et={142}A
0 o | -3.357 -3.357
Indices indicating range of _ N
graphite unit cells which r=-20.20 s =-20..20 t:=0.4
participate in the interaction
energy calculation:
Indices indicating positions p=1.13 q=1.6

of the central Kr atom:

Basi tin ; o ;

asis vectors representing bl:=|2 b2:=10 b0:={ 0

the position of Kr atoms: K l\o 1 /l 3.0
. .



0 0 \\ o\\
bl=;0237] & b2={0 A b0={0]A
0 0.1] 3
Coeflicients in Lennard-Jones N in-12 ~
6-12 potential: A=67.610 Terg ro=3924
Interaction energy between the central Kr atom and C-atom's equivalent to el:
o= (-A) ZZZ (|(p 1)bl+qb2+b0 (ral +sa2 + a3 +el)|)S .. - }
r st
+{-——(1(p - 1)-b1 +qb2 + b0 - (ral +s-a2 + a3 +el)]) 12" 1
J

Interaction energy between the central Kr atom and C-atom's equivalent to €2:

POV (Ip - 1)'b1 + q:b2 + b0 - (r-al +sa2 + a3 +e€2))6 ..

r s t To !
+ -T -(J(p - 1)-b1 +q-b2 + b0 - (r-al +s-a2 + t-a3 + e2)|) 12 l

Interaction energy between the central Kr atom and C-atom's equivalent to e3:

= (A ZZZ (](p—l)b1+qb2+b0 (ral +sa2 +va3 +€3)()6 ... I

r s t :
| +-—— -(J(p - 1)-bl + b2 + b0 - (r-al +s-a2 + a3 + e3)|) 12 :

Interaction energy between the central Kr atom and C-atom's equivalent to e4:

o= (-A) ST (I(p 1)b1+qb2+b0 (ral + 522 + ta3 + e4)[) 6 ..

|

r s t 2 H
+l-— (|(p—1)bl+qb2+b0 (ral +s-a2 +ta3 + e4)|) 12 ||

t i

Total interaction energy between the central Kr atom and graphite in erg:

Ugp = Ulgp v U2, s+ U3+ U4, ,
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[-96.46 -98.42 -104.6 -113.9 -123.9 -131.5 -134.4 -131.5 -123.9 ~113.9 -104.6 98.42 -96.46 ]
-145.4 -146.6 -1502 -155.7 -161.7 -1662 -167.9 -1662 -161.7 -155.7 -150.2 -146.6 -145.4
U |-171.4 -172.1 -174.3 -177.6 -181.1 -183.8 -184.9 -183.8 -181.1 ~177.6 -174.3 -172.1 -171.4
1015 {-183 -183.4 -184.7 -186.6 ~188.8 -190.4 ~191 -190.4 -188.8 -186.6 -184.7 -183.4 -183
-185.4 -185.7 -186.4 ~187.6 -188.9 -189.9 -190.3 -189.9 -188.9 ~187.6 -186.4 -185.7 -185.4
-182.3 -182.4 -1829 -183.6 -184.4 <185 -185.2 -185 -184.4 -183.6 -182.9 -182.4 -182.3 |

U
WRITEPRN(GRP_U6) = ——
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APPENDIX 2: CALCULATION OF RING STATISTICS AND THREE RING
CLUSTER PROBABILITY DISTRIBUTION

A-2-1 Probability Distribution of n-membered Rings (Ring Statistics)
Let Ni be the number of i-membered rings in a sample, where i = 5, 6, or 7.

The definition of probability of each i-membered ring is

N,
p; = _—_2 i, (A.2.1)
N; ,
The definition of rings per C-atom of each i-membered ring, c;j, is
o =, (A22)
M.

where M, is the total number of C-atoms in the sample. Then, from the equation

(A.2.2),

n
[ —=——0,. A23
pl le i ( )

Therefore,

7 7
Y p, = Z“N Yo, (A2.4)
j=5

j=5 i

;
From the definition of p;, it is evident that z p; = 1. Thus,
v La 71
- 7
2% 0, =1 (A.2.5)
YN & |
Generally, it is true that
N _» (A.2.6)

2N

for any 2D 3-fold bonded CRN, which implies that ‘
; .
Y o, =0.5. (A.2.7)
-i=5

The number of rings per C-atom as given by Beeman[29] for C1120 satisfies this

requirement. The o;’s for C1120 are given by os= 0.106, s = 0.294, and 67 =
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0.100. Then form the equations (A.2.4) and (A.2.6), the probability distribution of i-

membered rings (ring statistics) is given by

ps=0.212, pe=0.588, and p7=0.200. (A.2.8)

A-2-2 Calculation of Combined Probabilities of Three Ring Clusters
The combined probability of a three ring cluster is equal to the number of ways
to make the three ring cluster with the three compdnent rings (the multiplicity) times the
probability (ring statistics) of each of the three component rings. In other words, the
combined probability pymp of the three ring cluster composed of 1-, m-, and n-membered
rings is given by
Pimn = Mymn X Py X Py X Pas (A.2.7)
where njn;, is the Imn-three ring cluster multiplicity and p; is the probability of 1-
membered ring. The probability of each ring is given in the equation (A.2.8). The three
ring cluster multiplicity and the resultant combined probabilities of the three-ring clusters

are shown in Table XV1L

A-2-3 The Probability for the Central Kr Atom to be Adsorbed on an n-
membered Ring of an Imn-three Ring Cluster
The probability for the central Kr atom to adsorb on an n-membered ring of an

Imn-three ring cluster, Rynn.q is given by

A
R ==L X , A28
Imn-n ZA plmn ( )

where A, and ZA are the area of the n-membered ring and the total area of the Imn-three
ring cluster, respectively. The resultant probability of the number of physisorption sites
on a given ring of a three ring cluster is listed in Table X VIL.

This probability of number of physisorption sites on given rings of a three ring

cluster will be used as weighting factors for the calculations of the weighted average
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minimum and maximum energies and corrugations.

TABLE XVII. Probability distribution of three ring clusters.

Three Ring Cluster Ring Cluster Multiplicity Combined Probability of
Three Ring Clusters
555 1 0.010
556 3 0.079
557 3 0.027
566 3 0.220
567 6 0.150
577 3 0.025
666 1 0.203
667 3 0.207
677 3 0.071
777 1 0.008

Total 27 A 1.000
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TABLE XVIIL The probability of physisorption on a given ring of a three ring cluster.

Probability of

Ring Ring Probability of
physisorption on a given physisorption on a given
ring of a three ring cluster ring of a three ring

cluster

555-5 0.010 567-7 0.060

556-5 0.049 577-5 0.006

556-6 0.031 577-7 0.019

557-5 0.015 666-6 0.203

557-7 0.012 667-6 0.130

566-5 0.063 667-7 0.078

566-6 0.157 677-6 0.021

567-5 0.040 677-7 0.050

567-6 0.050 777 0.008
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APPENDIX 3: DETERMINATION OF THE COORDINATES OF CARBON
ATOMS OF DISCRETE MEDIUM MODEL

To determine the C-atom coordinates, let us examine the DMM separately for

two cases, 8, +6, + 6, < 2w and 6, + 6, + 0, > 27, where the angles 61, 85, and 63
are defined in Fig. 2-15. First, let us consider the case that '61 +6,+6, <2rn. For
this case, regular polygons will be used as the representative shapes for the
corresponding rings. Then the three ring clusters will form either convex clusters or
concave clusters. We will subsequently assume that a convex three ring cluster has the
same likelihood of occurrence as 1ts corresponding concave three ring cluster. In
reality, the convex and concave configurations will mostly likely not be equally
probable, but rather will depend on their configuration energies of the clusters. As
mentioned, however, we can not calculate the exact configuration energies of three ring
clusters and as a result, we can not calculate relaﬁve probability of each type of three
ring cluster.

Now, let us consider the plane defined by the positions of the three nearest
neighbor C-atoms from the central C-atom (C-atom nearest to the origin). Further,
consider the triangle in this plané whose vertices consist of the nearest neighbor C-
atoms.b The z-axis is perpendicular to this plane and passes through the central C-atom,
with the x-y plane at the level of the average height of the RDM and the CMM. The x-
axis is determined by the position of the central Kr atom without loss of generality.
Since we have uniquely determined the origin, z-axis and x-axis, we have specified a
complete coordinate system. |

Note, the central C-atom is not at the origin. Rather, for convex ring clusters the
central C-atom is along the positive z-axis and for concave ring clusters it is along the

negative z-axis. This violates the condition that there should be a C-atom at the origin to
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use the RDF to determine the density for the RDM. However, the average position of

the central C-atofn is still at the origin, since we assume that the convex three ring
clusters and the concave three ring clusters are equally probable. Since our calculations
are for statistically averaged structure of g-C, we can still use J(r) of the C1120 model to
determine the density for the RDM.

Let us now consider the case that 6, + 62‘+ 8, > 2x. For this case, we distort
the angles 01, 68, and 63 in such é way as the maintain the three rings in a plane while
leaving the bond lengths unchanged. The distorted angles of 84, 8,, and 053 are 84,
02, and 63', respectively. To determine these distorted angles, we assume that

8, o6, (A3.1)
where i = 1, 2, or 3. This relation means that the amount of distortion A8, = IG{ - 9i|

is proportional to the magnitude of the initial angle 8; before distortion. For the

0, +0, +0, > 2 case, all 6; > —232 (except for the angle of the pentagon in the three

ring cluster composed of one pentagon and two heptagons), where Z;—':is the bond angle

for a 2D hexagonal lattice. Since we are considering small distortions (< 9°) compared
;o' 0; (= 108°), it is reasonable to assume that AB; is linearly proportional to 6, that is
AB; =< 0,. In other words, we can use a “small angle approximation” or “harmonic
approximation”. To keep the three rings in a plane, we further require that
| o, +0, +0, =2m. (A3.2)
The equations (A.3.1) and (A.3.2) uniquely determine the distorted angles.
Let us further assume that the polygons are symmetric about the lines (x-axes)
shown in Figs. 31, 32, and 33 and that the central C-atom is at the origin. We now
consider how to determine the relative coordinates of the other C-atoms~ for pentagons,

hexagons, and heptagons, respectively.
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A-3-1 Pentagon (see Fig. 31)

Let Os' be the distorted angle determined by equations (A.3.1) and (A.3.2) fbr a
pentagon. The angles o, B of Fig. 2-16 are determined by

1/2

, ’ ’ r 2
a1 )
o = cos™! 5 2 cos? 6—25- + sm-eEs- + [2 cos? 675 + sin 6—25—} -1 (A.3.3)
and
e 7
B = 75 —-a. (A.3.4)

If we consider only the region with x>0 and y20 region, then the relative coordinates of

the first nearest neighbor to the central C-atom at Ros =(0, 0, 0) are

RS = (a cos%,asin%—,OJ, (A.3.5)

where a is the average intraplanar sp2 bonding length of C1120, 1.42 A. The relative

coordinates of the second nearest neighbor are given by

R} = (Za COS 0L COS B,%,O). (A.3.6)

A-3-2 Hexagon (see Fig. 32)

Let the distorted angle for a hexagon determined by equations (A.3.1) and
(A.3.2) be 86". Unlike the pentagon case, knowing 0¢' and the bond length a does not
uniquely determine the relative coordinates of all the other C-atoms for a hexagon. One
more constraint is needed; we assume that the opposite angles of the hexagon along the
symmetry axis are equal, that is that the distortion ié symmetric. Again, we consider
only x>0 and y=0. Then, the relative coordinates of the first, second, and third nearest

neighbors are given respectively by;
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R,
-
, y
/
Q t
M 65
/B
/ ) ’ ’
/ RS’ = acosgs—,a.sine—s,O
/ 2 2
/
/
/
/
/
R, = (2&005&003[3,%,())
Y
X

FIG. 31. Coordinates of a S-membered ring C-atom.
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=Yy

\ ﬁf = acose—G,asinge,O
2 2

a[l + cos 96—:! asin 9 , O]
‘ 2 2

FIG. 32. Coordinates of a 6-membered ring C-atom.
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=y

R/ = acose—",asin&—,o
2 2

2asin 9l—sin 6,.2a sin—e—7—cosE)7 ,0}
2 2

FIG. 33. Coordinates of a 7-memibered ring C-atom.
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_ / e 4 e 7’

RS = acos—é—,asin—"-,OJ. (A.3.7)
L 2 2
( 0, 0,

RS = a[l + cos—g—}, asinTG,O), (A.3.8)

and , . : '
6 66,
R3 =ja 1+2COS—§— ,0,0 (. (A.3.9

A-3-3 Heptagon (see Fig. 33)

7' is the distorted angle for a heptagon determined by equations (A.3.1) and

(A.3.2). As with the hexagon case, we need one more constraint. We assume that the
angle adjacent to 64" is equal to 6;7'. Again, we consider only the x>0 and y>0 region.

Then, the relative coordinates of the other C-atoms are given as:

R, = (acos%—,asin%—,O} (A.3.10)

R, = [2asine—7sin 97',—2as,in9-7—cose7 ,0], (A.3.11)
2 2

and
R, = (-;—cot B',%,o), (A3.12)
where
1 1/2
_g_*_qz _\F‘t _qz(p+z)
E” = 2(p2 - qz) , (A.3.13)
p = 4sin? 977 -1+ 28in922—cos 67’, . (A.3.14)

and
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q= ZSin%sin 97,. (A.3.15)

Table A-3-1 lists the coordinates of C-atoms for each three ring cluster based on

the assumptions of the DMM. In the notation of the first column of Table XIX, the first
three digits denote the type of rings in the three ring cluster. The last digit indicates the
ring which the central Kr atom is above. For example, the notation 566-6 indicates that
the corresponding three ring cluster consists of one 5-membered ring and two 6-
membered rings, and the Kr physi_sorption site is above one of the 6-merﬁbered rings.
This notation will be used throughout this thesis. In the coordinates of C-atoms listed in
Table XIX, the symmetric line of the polygon indicated by the last digit is in the xz-
plane. The C-atom coordinates of arbitrary orientations of a three ring cluster are

obtained by the rotation of the three ring cluster by an appropriate angle about z-axis.
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TABLE XIX. (a) Coordinates of the C-atoms of convex DMM three ring clusters, (b)

Coordinates of the C-atoms of concave DMM three ring clusters, and (¢) Coordinates of

the C-atoms of flat DMM three ring clusters.

(a) Coordinates of the C-atoms of convex DMM three ring clusters.

Convex Ring
Cluster Coordinates of C-atoms of DMM (A)

335-3 (0,0,1.325),(1.328,0,0.819),(-0.665,-1.15,0.819),
(1.487,-1.153,0),(0.255,-1.864,0),(-0.665,1.15,0.819),
(0.255,1.864,0),(1.487,1.153,0),(-1.742,-0.711,0),
(-1.742,0.711,0)
(0,0,1.632),(0.728,1.15,1.224),(0.728,-1.15,1.224),
(1.91,0.711,0.564),(1.91,-0.711,0.564),(-1.351,0.167,1.224),
(-1.459,1.423,0.564),(-1.247,-1.967,0),
(-0.173,2.031,0.564),(0.105,-2.135,0.408),
(-1.975,-0.816,0.408)
(0,0,1.632),(-1.361,0,1.224),(0.582,1.231,1.224),
(-1.623,1.233,0.564),(-0.422,1.994,0.564),
(0.582,-1.231,1.224),(-0.422,-1.994,0.564),
(-1.623,-1.233,0.564),(1.747,1.231,0.408),
(1.747,-1.231,0.408),(2.329,0,0)
(-2.07,-1.811,0),(0,0,1.626),(0.77,1.15,1.304),
(2.019,0.711,0.783),(2.019,-0.711,0.783),
(-1.357,0.275,1.304),(-1.425,1.598,0.783),
(-0.11,2.138,0.783),(0.376,-2.309,0.58),(-2.279,-0.53,0.58),
(-0.889,-2.603,0)

STT - (2.657,-0.711,0),(0,0,1.626),(-1.384,0,1.304), |
(0.527,1.28,1.304),(-1.715,1.282,0.783),(-0.534,2.073,0.783),
(0.527,-1.28,1.304),(-0.534,2.073,0.783),(0.527,-1.28,1.304),
(-0.534,-2.073,0.783),(-1.715,-1.282,0.783),
(1.709,1.598,0.58),(1.709,-1.598,0.58),(2.657,0.711,0)

556-5

556-6

557-5
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065 (0,0,1.144),(0.783,1.15,0.858),(0.783,-1.15,0.858),
(-1.393,0,0.858),(2.056,0.711,0.395),(2.056,-0.711,0.395),
(-2.001,1.151,0.286),(0.176,2.302,0.286),(-1.217,2.302,0),

g (0176-23020.286)(-2.001-L151,0.286),(-1.217.2.302,0)

(0,0,1.144),(0.651,-1.23,0.858),(-1.383,-0.155,0.858),
(0.65,1.231,0.858),(-0.332,-2.15,0.395),
(-1.589,-1.486,0.395),(1.953,1.231,0.286),
(-1.466,2.152,0),(1.953,-1.231,0.286),(2.604,0,0),
(-2.117,0.92,0.286),

(-0.082,2.307,0.286)

675 (0.235,2.41,0.309),(-2.103,-2.281,0),(0,0,0.762),
(-0.865,-2.98,0),(0.821,1.15,0.611),(0.821,-1.15,0.611),
(2.152,0.711,0.367),(2.152,-0.711,0.367),
(-1.409,0.108,0.611),(-1.997,1.368,0.309),

' (-1.175,2.518,0.158),(0.437,-2.477,0.272),
(-2.346,-0.907,0.272)

676 (3779,0,0.158),(-1.178,2.871,0),(0,0,0.762),
(0.695,-1.23,0.611),(-1.39,-0.257,0.611),
(-0.266,-2.251,0.367),(-1.554,-1.65,0.367),
(0.694,1.231,0.611),(2.084,1.231,0.309),
(2.084,-1.231,0.309),(-2.429,0.651,0.272),
(0.17,2.509,0.272),(-2.335,2.044.0)

3677 (3.02,0.711,0),(3.02,-0.711,0),(0,0,0.762),

(-1.405,0.15,0.611),(-1.616,-2.261,0.158),

(0.599,1.28,0.611),(-1.677,1.525,0.367),

(-0.438,2.224,0.367),(0.599,-1.281,0.611),

(0.21,-2.412,0.309),(-2.214,-0.98,0.309),

(1.942,1.598,0.272),(1.942,-1.598,0.272)




(b) Coordinates of the C-atoms of concave DMM three ring clusters.

Concave Ring
Cluster

Coordinates of C-atoms of DMM (A)

555-5

556-5

556-6

557-5

557-7

566-5

(0,0,-1.325),(1.328,0,-0.819),(0.665,-1.15,-0.819),
(1.487,-1.153,0),(0.255,-1.864,0),(0.665,1.15,-0.819),
(0.255,1.864,0),(1.487,1.153,0),(-1.742,-0.711,0),
(-1.742,0.711,0)
(0,0,-1.632),(0.728,1.15,-1.224),(0.728,-1.15,-1.224),
(1.91,0.711,-0.564),(1.91,-0.711,-0.564),
(-1.351,0.167,-1.224),(-1.459,1.423,-0.564),
(-0.173,2.031,-0.564),(0.105,-2.031,-0.408),
(-1,975,-0.816,-0.408),(-1.247,-1.967,0)

(-1.361,0,-1.224),(0.582,1.231,-1.224),(-1.623,1.233,-0.564),

(2.329,0,0),(-0.422,1.994,-0.564),(0.582,-1.231,-1.224),

(-0.422,-1.994,-0.564),(-1.623,-1.233,-0.564),(0,0,-1.632),

(1.747,-1.231,-0.408),(1.747,1.231,-0.408)
(-2.07,-1.811,0), (0,0,-1.626),(0.77,1.15,-1.304),
(0.77,-1. 15,-1.304),(2.019,0.711,-0.783),
(2.019,-0.711,-0.783),(-1.357,0.275,-1.304),
(-1.425,1.598,-0.783),(0.376,-2.309,-0.58),
(-2.279,-0.53,-0.58),(-0.889,-2.603,0)

(2.657,-0.71 1,0),(0,0,-1.626),(-1.384,0,-1.304), ‘

(0.527,1.28,-1.304),(-1.715,1.282,-0.783),
(-0.534,2.073,-0:783),(0.527,-1.28,-1.304),
(0.527,-1.28,-1.304),(-0.534,2.073,-0.783),
(-0.534,-2.073,-0.783),(-1.715,-1.282,-0.783),
(2.657,0.711,0),(1.709,-1.598,-0.58),(1.709,1.598,-0.58)
(0,0,-1.144),(0.783,1.15,-0.858),(0.783,-1.15,-0.858),
(-1.393,0,-0.858),(2.056,0.711,-0.395),
(2.056,-0.711,-0.395),(-2.001,1.151,-0.286),
(-1.217,-2.302,0),(0.176,2.302,-0.286),(-1.217,2.302,0),
(0.176,-2.302,-0.286),(-2.001,-1.151,-0.286) |

133



566-6

567-5

567-6

567-7
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(0,0,-1.144),(-0.783,-1.15,-0.858),(-0.783,1.15,-0.858),
(1.393,0,-0.858),(-2.056,-0.711,-0.395),
(-2.056,0.711,-0.395),(2.001,-1.151,-0.286),
(2.001,1.151,-0.286),(1.217,-2.302,0),(1.217,2.302,0),
(-0.176,-2.302,-0.286)
(-1.175,2.518,-0.158),(-2.103,-2.281,0),(0,0,-0.762),
(0.821,1.15,-0.611),(0.821,-1.15,-0.611),
(2.152,0.711,-0.367),(2.152,-0.711,-0.367),
(-1.409,0.108,-0:611),(-1.997,1.368,-0.309),
(0.235,2.41,-0.309),(0.437,-2.477,-0.272),
(-0.865,-2.98,0),(-2.346,-0.907,-0.272)
(2.799,0,-0.158),(-1.178,2.871,0),(0,0,-0.611),
(0.695,-1.23,-0.611),(-1.39,-0.257,-0.611),
(-0.266,-2.251,-0.367),(-1.554,-1.65,-0.367),
(0.694,1.231,-0.611),(2.084,1.231,-0.309),
(2.084,-1.231,-0.309),(-2.249,0.651,-0.272),
(0.17,2.509,-0.272),(-2.335,2.044,0)
(3.02,0.711,0),(3.02,-0.711,0),(0,0,-0.762),
(-1.405,0.15,-0.611),(-1.616,-2.261,-0.158),
(0.599,1.28,-0.611),(-1.677,1.525,-0.367),

- (-0.438,2.224,-0.367),(0.599,-1.281,-0.611),

(1.942,-1.598,-0.272),(-0.21,-2.412,-0.309),
(-2.214,-0.98,-0.309),(1.942,1.598,-0.272)
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(c) Coordinates of the C-atoms of flat DMM three ring clusters.

Flat Ring
Cluster

Coordinates of C-atoms of DMM (A)

577-5

577-1

666-6

667-6

667-7

677-6

677-7

(0,0,0),(0.851,-1.139,0),(0.851,1.139,0),(2.207,-0.711,0),
(2.207,0.711,0),(-1.422,0,0),(-2.273,1.139,0),
(-2.273,1.139,0),(0.0449,2.503,0),(-2.071,2.547,0),
(-2.071,-2.547,0),(-0.8,3.183,0),(-0.8,-3.183,0)
(0,0,0),(0.637,-1.271,0),(0.637,1.271,0),(-1.4,-0.251,0),
(-0.353,-2.292,0),(-1.624,-1.655,0),(2.307,-1.522,0),
(2.307,1.522,0),(3.204,-0.711,0),(3.204,0.711,0),
(-2.439,0.72,0),(0,2.543,0),(-2.488,2.141,0),(-1.349,2.992,0)
(0,0,0),(0.637,-1.271,0),(0.637,1.271,0),(-1.4,-0.251,0),
(-0.353,-2.292,0),(-1.624,-1.655,0),(2.307,-1.522,0),
(2.307,1.522,0),(3.204,-0.711,0),(3.204,0.711,0),
(-2.439,0.72,0),(0,2.543,0),(-2.488,2.141,0),(-1.349,2.992,0)
(0,0,0),(O.741,-.1.214,0),(0.741,1.214,0),(2.163,-1.214,0),
(2.163,1.214,0),(-1.418,0.103,0),(-2.069,1.368,0),
(0.09,2.478,0),(-1.328,2.582,0),(2.903,0,0),(0.183,-2.522,0),
(-2.327,-0.991,0),(-1.091,-3.153,0),(-2.305,-2.413,0)
(0,0,0),(-1.421,0,0),(0.651,1.264,0),(-2.163,1.214,0),
(-0.09,2.478,0),(0.651,-1.264,0),(-0.09,-2.478,0),
(-2.163,-1.214,0),(-1.512,-2.478,0),(-1.512,2.478,0),
(2.058,1.47,0),(2.058,-1.47,0),(3.26,0.711,0),(3.26,-0.71,0)
(-0.992,3.299,0),(0,0,0),(0.768,1.196,0),(0.768,-1.196,0),
(2.19,1.196,0),(2.19,-1.196,0),(2.959,0,0),(-2.19,1.196,0),
(0.177,2.49,0),(-2.24,2.618,0),(-1.421,0,0),(0.177,-2.49,0),
(-2.19,-1.196,0),(-0.992,-3.299,0),(-2.24,-2.618,0)
(3.371,-0.711,0),(0,0,0),(0.682,-1.248,0),(-1.418,-0.101,0),
(0,-2.496,0),(-2.1,-1.349,0),(-1.418,-2.597,0),
(2.1,1.349,0),(2.1,-1.349,0),(3.371,0.711,0),
(0.682,1.248,0),(-2.27,1.038,0),(0,2.496,0),(-2.42,2.452,0),
(-1.223,3.221,0)



777-7.
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(-1.421,0,0),(3.456,-0.711,0),(0,0,0),(0.711,1.231,0),
(0.711,-1.231,0),(2.133,1.231,0),(2.133,-1.231,0),
(3.456,0.711,0),(-2.133,1.231,0),(0,2.463,0),(-2.344,2.638,0),
(-1.112,3.349,0),(0,-2.463,0),(-2.133,-1.231,0),
(-1.112,-3.349,0),(-2.344,-2.638,0)
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APPENDIX 4: CALCULATION OF INTERACTION ENERGY BETWEEN
A Kr ATOM AND A SEMI-INFINITE GRAPHITE WITH
CMM

The parameters of the Kr - C-atom interaction potential:

£=932-10 Perg G =34924

The bulk density of graphite: p = 0.11284 atoms/A3

The typical form of the Lennard-Jones 6-12 potential is given by
12 6
o o
s =+|(3)"- (3

In cylindrical coordinate system, the interaction energy between a Kr atom and
a semi-infinite graphite CMM is given by

0 oo

UCh) = p o2 < 27| &z
W 2P B J r“(h-Z)z-ﬂz} _[(h—z)zﬂlﬂdr

2 6 6 0'6
U(h) = 5P o™ (2:c® - 15k )-a-;@-

To find the minimum interaction energy, we take the derivative and set it equal to zero.

The derivative is

6 6
d 2 e i 2 o3
a1_45.p 0.7(.(2.0-6 - 15.h6)-8.—h9 = _4.p O.__h4.£.0-6 - g.p 0-,-:.(2.0-6 - lS-hG).e..__th

We set the result of the derivative equal to zero, then

6
n 2 =
4 o e - TP E(20° - 15hE) e =0



The roots of the equation are

The interaction energy between a Kr atom and CMM graphite at the height is given by

o a4
U(h ¢q) =-9.886°10" ' erg
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APPENDIX 5: INTERACTION ENERGY OF A SINGLE Kr ATOM WITH A
2D TRIANGULAR LATTICE OF Kr ATOMS

ORIGIN=1

Basis vectors of representing the positions 2D triangular lattice of Kr atoms:

0 -

Indices indicating range of 2D triangular lattice unit cells which participate in the interaction energy
calculation:
m=1.10 n=1.10

Radial distance functions for the interaction energy calculation:

T
lmn

3

1m-a | +n-a 2' : radial distance function for the first quadrant

u

1) jmaq-najl :radial distance function for the forth quadrant

m,n
The parameters for the Kr-Kr interaction potential:
£=2361-10%erg :=36 A

The Kr-Kr interaction potential is given by

dge(r) = 4.3.{(0?>12 ] <%)6

4

The interaction energy between a Kr atom at the origin and the Kr atorns on the x and y axes.
[Note] The angle between the positive x and y axes is 60°.

10

ug(b) =4 Y éx(kb)
k=1
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The interaction energy between a Kr atom at the origin and the Kr atoms of the 2D triangular lattice
except the Kr atoms on the x and y axes.

10[10

wi®) 2 31 D (BKefr1, ) Oke(r

m=1|n=1 o

-b\):

|
d

The total interaction energy of a single Kr atom with a 2D triangular lattice of Kr atom is the sum of v,
and u
2-

U gotal(b) = u g(b) + u 1(b)

Numerical calculation of the total interaction energy of a single Kr atom with a 2D triangular lattice of
Kr atom.

Range of the nearest neighbor distance of 2 2D triangular lattice:

bl =3.1,3.2..5.0 b2:=51,52..70 b3 :=7.1,72..90
U total(b1) U ¢otal(b2) U ¢ota1(b3)
T (erg) o (erg) EETIT (erg)
b1 (A) b2 (A) b3 (&)
ﬁ' 193.751 5—1‘ -6.58 :7—1 -1.007
: T11.196 : “5.941 : ~0.
KW 19 57 4 73] 0.927
£ 59.754 =] -5.366 VAl -0.854
3'_4 27.849 ﬂ -4.849 7-4 -0.78
: 385 - 3% Kkl 072
35 55 75
-3.456 -3.967 -0.673
3% 3% 76
-10.231 -3.593 -0.62
37 37 77
-13.866 -3.257 -0.57
3% 33 T3
-15.328 -2.956 -0.535
39 39 79
-15.969 -2.686 -0.49
] s ER
- -15.674 -2.443 -0.461
41 6.1 31
-14.952 -2.224 -04
47 6.2 832 -
-14.004 -2.028 -0.39
13 ; 33
-12.9355 - -1.85 -0.371
4 4] 64 84
-11.884 -1.691 -0.3
73 65 83
-10.838 -1.546 -0.32
-G6.845 -1416 -0.301
37 67 8.7}
-8.919%: -1.298 -0.28
73 -8.066 ol -1.1I91 PRy -0.26
- -7.287 - -1.095 - -0.2
El 7] K2
[~ | - L
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APPENDIX 6: CALCULATION OF POTENTIAL ENERGY SUMMATION
FOR A Kr ATOM ABOVE A CARBON RING

Calculations for Kr adsorbed oa g-C
Main carbon ring size: S
Adjacent carboa rings: 6,7

Ring cluster structure: Convex

Eater parameters for adsorbed gas and substrate:

Adatom-substrate separation [A): § o -—1.00 C atom radius (AL rci=091
Interaction constant [ag—Aﬁlamm]: A =67610 12 Kr atom radius [A]: Cor Ke-—1.03
Ak ry17392
- — =1 .-
Average substrate deasity [atomsfAS}: P o :=1.05810
. . . 225

Deasity ratio betweea graphite and C1120: pmﬁo.-m
Number indicating the combinatioa: N com =5 +6+7
Index represeating the C atoms m the e
ring clusters x-—l..(Nm-—S)
Set the coordinates for carbon atoms in the ring cluster:  ORIGIN=i1 TOL=L0
sp* bond length [A]: 1:=1.422 cIT6.714

X ey X e X
Angles for peatagons, hexagons, 05173 84 =4— 94 =5—
and heptagoas [radiza]: 5 6 7

1 1 1
Radii of circles circumscribing the pentagon, —_ 2 —_ 2 _ 2
the hexagon, and the heptagon: rs- 5 r6- o\ "7"‘——'9
cos{—— cos{— cosl—
2 ‘2 2
Ring cluster height h and bond leagth
d are given by the ring
oster goometry (A): 4:=1412 h:=0.151
Angles for projected peatagons g :=108.898 g =120134 o . =129968
and the hexagon {radian]: 5 180 6 180 7 180
fes of the the \
Aagles of the peatagous, @ 5 Faos|— B @ 4 =acos|—B
fexagon, aud sp? boad 65 8,
branch from z-axis [radiaa}: l-cos —5- l-cos T
@ ¢ =acos h
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Gencral focmulac for carboa atom coordinates in a peatagoa:

a Q 6
5 . 5 — 5
x <7 :=d i Slesinl— 2z s1 +—1l-cos{— Lo}
BENLE samals) s o)
x ’:l-(cos —9—5) 4cos{8 _x -sin(Q ) y =L
52 2 5 P s 52 >
Geaeral formulac for carbon atom ooordinates in a hexagon:
a [¢] 2]
— 6 . {v6 — 6
X g1 -—d-cos{—— -sm{—o z g1 «—l-cos{— |-cos{ ®
61 (2) ‘ Y6t (2) 61 (2) ( 6)

x g = (oos(%) +1) -sin(¢ 6) ve 3=l-sin(32—6-) 262 ::1-(@5(%) +1)~oos(¢ 6)

x63 :4(2«;(%) +1) -sin@ 6) ¥ 6370 263 =k (2«:;(%) +l)-cos(¢ 6)

Geacral formulace for carbon atom coordinates in a heptagon:

) rel) sl
onleliefioey  mflihe(e)

sl )t
oot b S
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oos(6) -sin(6) o
Define arotation matrix: R(G) = sm(e} cos(e) o
0 ¢ 1
XSl Xs51 X§2 X52 X6l X61 X62 X62 *63
Define itial N 5|0 Y51 -¥sS1 Y52 -¥52 W60 Y61 -Y6t Y62 -Y62 Y63
coordinate 0 zs51 251 252 zZs2f- 0 z61 261 %262 262 263
matrioes of
carbon atom
positions in
individual X71 X71 X72 X2 X73 X73
ngs:

TS0 YL~ YN Y12 -Y72 Y73 -¥Y 73
0z71 z71 272 272 273 273

Matrices represcating the coordinates of carbon atoms in the peatagon and the hexagons in three-ring chuster:
(5 € ' € €

e . b 6} . . S 7] ..

15T “6"“(—2'*7)"‘6 “"'R['(T*T)]””

Marrix represeating the coordinates of carboa atoms in the three-ring cluster before carrection:

07 '
616 M7y ,7 % M5y 5 sy 3 sy 4 sy 5 N6y 5 61 4 N6 5 M7 4 V7 s M7
= 0 7
NGy ¢ N1y 7 O Us, 5 NS, 3 sy, U5, 5 N6y 5 6, 4 U6, 5 M7, 4 7, 5 M 6

0
W6y 6 M73 7 O Msy 5 M5y 3 M5y 4 M55 5 M6y 5 M65 ( M6 5 M7 73 5 W75 6

1.175 —2.163 0 0821 0821 2.152 2.152 1409 ~1.997 0235 0437 —2346 —03865
N=}12518 2281 0 115 ~LI15S 0711 —0.711 G108 1368 241 2477 —0.907 —2.98
604 —0.762 0 —0.151 —0.151 —0.395 —0395 —0.151 ~0.453 —0.453 ~049 —049 07

Cylindricel radii of C — , 2
htbcﬁngc!ust;[A]:ms ;= (“l,i)z‘*' (“21)

Maximum of the cylindrical radii . — (p<1>) A

Al P “max P max =3-103
- . 3>

Minimum of the zcomponent of — . ! : ]

c i bef Z min + (-q]} Zmin="0.762

correction [A):
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Correcting matrix raising the C atom coordinates by amount of -Cp ;-

[¢] Q [¢] [¢] ] Q [¢] (4] a Q [t] 0 [¢]
Zew=-1{ 0 0 @ 0o 0 o o 0o 0 o 6 o o
Zmin Zmin Zmin Zmm Zmin ?min Zmin Zmin Zmin Zmin 2min Zmin Zmin

Mamxmprmsamng the actual coordinates of C atoms in the threering cluster:

CAN+-Z corr

1.175 —2.103 O 0821 0821 2.152 2152 1409 —1.997 0235 0437 —2346 —0.865
C=12518 —2281 © 1L1S LIS 0711 —0.711 0.108 1368 241 —2477 —0.907 —298
0.1s8 O 0762 0611 0611 0367 0367 0611 0309 0303 0272 0272 O

Set up integration parameters and functions:

Set number of equally spaced values along M =10 m:=1.M

Z-exis to evaluate: “

Minimum hard core scparation {A}: ZKT pmin ‘O Kr | ZKr g =1.94

Sct x-axis index for K.k 1=1..13 172,13 Radial scgment: et 1 =0

X-, Y-, Z-coordinate componeats of Kr:
zmm::{(mm.;.lsc) +§-s 0} ' Y Ke =0

— 1 l 4L 1z Z - x =
g (e o™

X
Actual height: AH =

'm,t TK\:'SS'_'LW(Q) 5)

AHp 1 T2k + 2 min




Enter data for radial distribution function (See Beeman, et.al. Phys. Rev. B30, 870 (1984) ):

Sct number of data points in RDF: N:ITgy
ol 1=1..30
Set timits in RDF [AL: T min -=0.953
Radii in RDF (A: _(n !, (r
Eater RDF data:
a1 2 q, Tz
0 31| [2.633] [9.091
0.091 328 {2.689] |7.818
0.909 2745 16.90%
1.636 34] {2801} {6455
2.727 2857 6455
4.091 36 |2.913] 16.364
5364 37] [2.965] [6364
6364 3.025] ]6.182
7.000 3.081] [s.636
7.182 40 }3.137] }5455
6364 3.193] |5455
52731 42| [3.249] {5727
3.636 3305] 6545
2273 1" l44] 13361] 7455
1.091 3417] |10.182
0.727 4 [3.473] [12818
0.091 3529 Ji5.545
Q 48] [3.585] li7.636
0.091 49) {3641} 119.091
0.727 IS {3.697] 19818
1818 37531 £20.000
3.455 52| {3809 [i9.636
5.091 3.865] {19273
7273 54 {3.921] [19.091
9.818 3977 (19818
11.727 56 {4.033) [0.727
12818 4.089 [22.000
13273 58 4.145] [23818
12.545 591 |4201] 5455
10.818 ﬁ 4257 PR71273

a:=1_N

o2 :=31..60 3 =61..N

* max “=5.881

rmin)'l‘rmm
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Dcfine radial distribution functions using . 2 : .
I in lation ¢ eca availablc data Q1) =ifl o1 oy AT1 P ovlinterp(q,j.r)
and using the average substrate deasity:

Radial distribution function for the first layer: X(r) =if(3.65<r,Q(r},0)
Radial distribution function for other layers: J(n) Z:i:f(r<r mjn,O,Q(r))
Testimg of J(r) and T(r): R =10 ni=1_1060 p. =2_R

150 Surface Layer Radial 'Disuibun'oanlmction
I 1

2
|

Radlal Distribution Function
|2
e

¢ I
0 2
radius (A)
Bulk Radial Distribution Function
150 T T T 1

Radial Dlsulb&tlon Function
5




Define RDF potential function:

Countribution from the first layer: [Note: The weighting factor ¢/2 comes from
changing the volume deasity to the surface deasity.

VORDE, 1 5| m@m(éq;-;) [(x—x Kep ) 19 +(2 K,m)z:’-3 = 107 dy ax
T e

“Tmax & Tmax
P—F max 50 »
vi RDFm,k:%.p o [("-*Krm’k)2+yz+(z Krm)z] _ ~1015dydx
~6
( ';’6)'[("—* K )+ + (25 ]
«-50 -50
[ € max T max ) 3
V2 RDF,, 4 :%-p o [(x-—x K,m'k)z.{_yz-;- (z K,m)z] - 10 gy ax
+ (-ﬁ)‘[(X— XK, k)2+y2+ ( Kr,,)z]-6
2 m,
J-Tmax -50
£ T max 50
V3 RDE,, 5 =4 : [(x—xx;m k) +y +(znm) ] 105 gy ax
~6
+(-T) [(X—x Ki 1) Y+ (2Ke) ]
JdTmax <Tmax
50 50
V4 RDFm‘k::%P o [(x xmm‘k) +y +(ZKrm) ] -lOldedx
+(—) e )7+ () ]
r max -50

V RDE *=VO0 rpF+ V1 RDF+ V2 RDF+ V3 RDE+ V4 RDF
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Contribution from the other layers: [Note} In ViRpE- the origin

is located at the center of the second layer:

New z-coordinates for Kr atom caused by the , c
transformation of the origin of the coordinates: T “EKry, T3

~30 #30 =0
: .3

! 2 2 2770 .1
- AT - -{z-2 [N
Lix xKrm,k) Y ,\z z Krm} pod 10

A . 5
V'RDF, i 7 : dz dy dx

! ;

J-

i
30 J-30 J-30

Contribution from the C atom located at the center of the second layer:
[r -6 6 r

v :=“Jx 2-.-‘2' 2] -l-i ]x 2~[z'
RDFm,je = (*Kim, 1) ™ (*Kim) | =27} J(*Kim ) = {*Kom)

URDFy, ¢ =<-A)-{V RDFp i = V' RDFpy |~ V" RDFy i

~

5495 -57.74 ~59.52 6172 6432 -6727 <7053 7403 -77.7 -8146 8522 889 9243
-52.18 -54.86 -56.53 -58.58 61  -63.75 668 -70.1 -73.6 ~7721 -80.89 -84.56 ~88.17

©-49.54 -52.1 -53.66 ~55.56 ~57.81 ~60.36 -63.2 -66.29 -69.57 <73  ~76.52 -80.07 -83.61

-47.02 -49.47 -50.91 —52.68 ~54.76 -57.12 ~59.75 ~62.61 -65.67 -68.88 ~T2.19 -75.56 -78.95

44,62 -46.95 ~48.3 -49.93 -51.84 ~54.02 5645 -59.09 ~61.92 -64.89 ~67.98 7113 7432
CAYVRDF= 4234 -4457 -458 4731 -49.07 -51.08 ~53.3 ~55.73 ~58.33 ~61.07 .63.92 -66.85 -69.81
-40.18 -42.29 -43.44 -44.82 ~46.44 ~4827 -50.31 -52.54 ~54.92 -57.44 -60.05 62.74 -6547

| -38.12 -40.12 ~41.18 -42.46 ~43.93 -45.62 -4748 ~49.52 5169 ~53.99 -56.38 -58.84 -61.34

36,18 -38.06 ~39.04 ~40.21 ~41.58 -43.1 -44.81 -46.66 -48.65 ~50.74 ~52.92 ~55.16 -57.43
"-34.33 -36.11 3701 -38.09 ~39.33 -40.74 -4229 -4397 -45.77 ~47.68 -49.66 ~51.69 -53.76

~8.775 -8.809 -8.831 -8.857 ~8.889 -8.925 -8.966 —9.011 -9.06 -9.112 -9.168 -9.226 -9.287
-8.455 -8.488 -8.508 -8.533 -8.563 ~8.596 -8.634 ~8.676 -8.721 -8.769 -8.821 -8.874 -8.93
i-8.15 -8.181 -82 -8.224 -8.251 -8.283 -8.318 -8.356 -8.398 -8.443 ~8.49 -8.54 -8.591:
,~7.858 -7.888 -7.906 -7.928 -7.954 -7.983 -8.015 -8.051 -8.09 -8.131 -8.175 -8.221 —8.269 |
:=7.579 ~1.608 ~7.625 -1.645 -1.669 -7.696 ~1.727 -1.76 ~7.796 ~7.834 -1.875 -7.917 -7.961 }
(-A)V'RDF =!.7312 -7.34 -7.356 -7.375 ~7.398 ~7.423 7451 -7.482 -7.515 -7.551 -7.588 —7.628 ~7.668 °
[-7.057 -7.084 ~7.099 -7.117 -7.138 -7.161 -7.187 -7.216 -7247 -7.28 ~-7.315 -7.351 -7.389
' 6.813 6.839 -6.853 6.87 —6.889 ~6.911 6.936 -6.962 -6.991 ~7.021 -7.054 -7.087 ~7.122 ,
:~6.579 —6.604 ~6.618 6.633 -6.651 -6.672 —6.695 —6.719 ~6.746 ~6.774 ~6.804 -6.836 ~6.868 '
{6355 638 6392 —6.407 -6.424 —6.443 ~6.464 -6.487 -6.512 6.538 ~6.566 ~6.595 6.625



7-0.587 -0.568 -0.557 0.543
1-0.539 -0.522 -0.511 ~0.499
1-0.496 048 047 -0.459
i-0.457 -0.442 -0433 —0.422
{-0.421 ~0.407 -0.399 -0.389
A)V'RDF =i_0.389 -0.375 ~0.368 ~0.359
[-0.359 0347 -034 —0.332
[-0.332 032 0314 -0.307
[-0.308 -0.296 0291 ~0.284
|-0.285 0275 -0.269 -0.263

-0.527 -0.509 ~0.489 -0.468 -0.447 -0.424 -0.402 0.379 -0.356
-0.484 -0.468 -0.45 -0.431 -0.412 -0.392 -0.371 -0.35 -0.33

—0.446 -0.431 -0.415 -0.398 -0.38 -0.361 -0.343 —0.324 -0.305 .
-0.41 -0.397 -0.382 -0.367 -0.351 -0.334 0317 -0.3  -0.283¢
-0.378 -0.366 -0.353 -0.339 -0.324 -0.309 -0.294 -0.278 —0.263 !
—0.349 -0.338 0326 0313 0.3 -0.286 -0.272 —0.258 —0.244§
-0.323 -0.313 -0.302 029 -0.278 -0.265 ~0.253 -0.24 —0.227%
-0.298 -0.289 -0.279 -0.269 -0.258 -0.246 -0.234 —0.223 -0.211 u
—-0.276 —0.268 -0.259 -0.249 0239 -0.229 -0.218 -0.207 —O.l96§
-0.256 0248 -0.24 -0.231 -0.222 -0.212 -0.203 -0.193 —0.183 ;

[-64.31 —67.11 6891 -71.12 -73.73 -76.7 -79.98 -83.51 -87.21 -91  -94.79 -98.5 =102.11-
[-61.17 ~63.87 65.55 —67.61 ~70.04
-58.18 -60.76 -62.33 -64.25 -66.5
-59.25 -61.03 -63.12

-55.33 ~57.8
|-s2.62 -54.97
URDF = 50,04 -52.28
1-47.59 ~49.72
1-45.27 -47.28
-43.06 -44.96
~4097 ~42.76

~56.32
-53.52
-50.88
-48.35
-45.95
-43.67

~57.96 -59.89
-55.04 -56.82
-5226 -53.9
~49.64 -51.12
-47.13 -48.5
-44.76 -46.01

-72.81 -75.88 <7921 -82.73 -86.38 -90.08 -93.79 —97.43]
~69.08 ~71.94 ~75.04 -78.35 -81.8 -85.35 —88.93 —92.51|
-65.5 ~68.15 =71.03 -74.11 ~77.34 -80.68 —84.08 —87.5 1
-62.09 -64.53 67.19 -70.04 ~73.03 -76.15 -79.33 82.55 |
-58.84 ~61.08 ~63.52 66.15 ~68.91 -71.78 ~74.73 ~T1.72 |
-55.75 ~57.8 -60.04 ~62.45 -64.98 —67.62 -70.33 -73.08 '
52.82 =547 -56.75 ~58.94 —61.26 -63.67 -66.15 6867
-50.04 ~51.76 ~53.63 -55.63 ~57.74 -59.94 -622° -64.5

-4743 49 -50.69 -52.51 -54.43 -36.43 -58.48 -60.57 .
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Define the ~ >
distances D‘m,k::«/(cl,r‘”(rm,k) -|-(C‘,-'l—ym.) 4.(::3‘1_2&")2
between
C-atoms in the
ring cluster Dzm'k:="] (Cra=*Keg ) + (2.2 Y k) +(S5 12k )
and the Kr
atom:

S R S AP

I [P S A S,

DSpx ’=J (C1.5-% Ken ) +(C.5— Kr)z"'("?..S”zKr.,)z

D6k :=«] (Cl 6% Krm,k)z‘*' (G2.6-v Kr)2+ (G362 Krm)2

D7

S L

e [ O S A S

ng.k::'\l (Cro-x Krm.k)z“” (©2.9=y Kf)z‘*(‘%,s‘zmubz

Dlom.k;zJ (C1,10-% me,k)z‘l' (G107 Kr)z"'(cs, 10— 2 K:m)z

Dllm.kzz«](cl,ll—xxfm,k)2+ G-y Kr)z‘*‘(‘:::.,u—‘Krm)2

D2, x ::J ©. u“Krm,k)z*l- G2 x:)2+ (S22 x,m)z

D13, x :=»J (CL1s—x Krm,k)z'*' Gy Kr)z‘*‘(‘%, 13~ Kr.,,)2




Define the nearest neighbor interaction potential:

151

U“nm,k '
L 6
ifo !
= :
6 :
s i
+{ (D7 6 _ l
(Pmi) 2
feeS
oo O
( m,k) 2
-6 ;/ To
Jeos!
-6 ifo \ :
+1(Dl3m,k) - \_2_; 5
© 3111 2251 1804 1371 99 6772 4325 2438 949 -2913 -13.77 -23.37 -31.55°
1493 97.74 7134 4581 234 5161 -8853 ~193 2712 -332 3812 -42.1 4509
51.04 2045 5096 -9.616 -2234 -3242 398 -44.84 4812 50.17 -51.36 -51.86 -51.69
7761 -25.45 -34.08 -42.16 -4891 339 57.09 -58.73 -59.14 ~-58.67 -57.58 -55.99 53.97
41.92 -51.6 ~56.12 -60.14 -63.2 -65.04 6565 -65.16 -63.82 ~61.85 --59.42 -56.65 ~53.59 :
Unn= 60,65 6533 -67.34 -68.89 ~69.7 -69.62 -68.66 ~66.92 ~64.56 6174 -58.59 ~552 5164 -
69.74 -71.31 -71.8 -71.86 -71.32 -70.11 -68.25 ~65.81 ~62.91 -59.67 -56.19 —52.55 -48.82
-72.87 -72.51 -72.1 -71.28 -69.96 -68.12 -65.78 63 ~59.87 --56.48 -52.93 --49.27 4557
-+72.37 -70.83 -69.9 -68.59 -66.86 -64.71 -62.16 -59.26 ~56.1 -52.74 -4926 -45.72 -42.17°
69.72 67.49 6629 ~64.73 -62.82 ~60.55 -57.95 -55.09 -52.01 -48.79 -45.48 -42.13 -38.79_;
Total potential is given by: Utom'm,k =U RDFp |~ U“"m,k
T246.79 15799 11149 6598 2527 898 36.73 3943 7772 93.913 10856 --121.87 133.65
88.13 3387 579 218 -46.64 -67.649 -84.733 -98.51 -109.85 -119.58 -1282 -135.89 -142.52
"-7.14 4031 -57.234 -73.866 -88.84 -101.5 -111.74 -119.88 ~126.47 -131.97 ~136.71 -140.79 ~144.2 )
63.091 -8325 -93.33 -103.19 -112.03 -119.4 -12524 -129.76 -133.25 -136.01 -138.26 -140.07 -141.47"
-94.54 -106.57 -112.44 -118.1 -123.09 -127.13 -130.18 ~132.35 -133.86 -134.88 —135.57 ~135.98 -136.14
Utowl =i 10.69 -117.61 -120.86 -123.93 -126.52 -128.46 -129.74 ~130.44 -130.71 -130.65 -130.37 -129.93 -129.36
i-117.33 -121.03 -122.68 -124.12 -125.22 -125.86 -126.05 -125.85 -125.36 -124.65 -123.81 ~122.88 ~121.9 °
~118.14 -119.79 -120.45 -120.92 -121.08 -120.94 -120.48 -119.75 -118.81 ~117.74 -116.6 -115.42 ~114.24:
11543 ~115.79 -115.85 ~115.72 -115.36 —114.75 -113.92 -112.89 -111.73 -110.48 1092 -107.92 —106.67§
1-110.69 -110.25 ~109.96 -109.49 -108.83 -107.98 -106.95 -105.78 -104.52 ~103.22 -101.91 -100.61 9936 :



List results:
: . — . <k>) .
U guiny - mm(uw Inddk.—ZIf(Uwﬂ U g . 0)
m
FILE: J567530
AH U p; x
K min Kr k
Ider,  (BdOR).k (o) o
- -118.14
353 ] 121,031 0 0
35135 12568 0836 0202}
3.569 4120 1.041 0.403
3.606 RYIXIC, 1246l 0.605}
3.542) 128.458 1433 0.806}
3.579 130173 1.6 1.
3.514) 132352 1.825| 121
3.551 133 858 ?"013; 1411
3,588 Ti3601 2.2 1.613
3.523 138258 2421 1.814]
3.56 140798 62 2016
3.494 1aa 2813 221
3.533 3.015‘ 2.419
1.175 —2.103 0 0821 0821 2152 2152 —1409 —1957 0235 0437 —2.346 —0.865
C={2518 —2281 0 115 —115 0711 —0711 0.108 1.368 241 —2477 —0.907 —2.98
0.158 0 0762 0611 0611 0367 0367 0611 0309 0309 0272 0272 O
Kr atom positions where Ui are located
5 T T ' T T
45
'fg °
= Qo9
Qz Lo o]
5 *Kr(lndexy) 41— o090
3o ( R
T © o
=
3
° 35t
3 | { 1 1
-1 0 1 2 3

X Kr, Inda:k),k
x-coordinates of Kr atom (A)
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Positions of C atoms on the x-z plane
i
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3 1 1 T T
2 —
<
E
-
(@]
ot 3>
3 [(Cl) ]i 1= ]
i € o
; ° on
b4 o © ° Co
o < < -~
i | 1 i | 1 { |
b -2 -1 0 1 2 3 4
<l>
[(CD ]i
x-coordmates of C-atoms (A)
Print data files WRITEPRN(JURS6730) :=U gpf
* for I567530:

WRITEPRN(JUNS6730) :=U o
WRITEPRN(JUS6730) :=U ¢t
WRITEPRN(JR156730) :=-A-V ppg
WRITEPRN(JR256730) ‘= A-V gpp
WRITEPRN(JR356730) :=~A-V" RDF

WRntPRN(Ivosaw) = A-VORpF
WRITEPRN(JVI56730) ‘=-A-V1 RpF
WRITEPRN(JV256730) ‘=-A-V2RDE
WRITEPRN(JV356730) :=-A-V3 gpF

WRITEPRN(JV456730) -=-A-V4 ppF
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